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Thesis directed by Assoc. Professor Noah Fierer 
 
 With this dissertation, I present four culture independent studies examining the 
spatiotemporal distributions of microbial communities in the near-surface atmosphere. The goals 
of this dissertation work were to examine the biogeographical patterns that airborne microbes 
exhibit over a variety of spatiotemporal scales, and to determine the likely sources of bacteria to 
the near-surface environment. 
 First I explored the short-term (two-week) changes in microbial community structure 
(bacteria, fungi and pollen) of the near surface atmosphere at the high elevation research site, 
Storm Peak Laboratory, located in northern Colorado, USA. This study revealed that the near-
surface atmosphere is abundant with microbes, and that the airborne communities are composed 
of taxa that are typical of cold environments. Additionally, the bacteria identified in the air 
samples showed high sequence similarity to bacterial lineages possessing the ice nucleating 
phenotype, suggesting the possibility of bacterial induced cloud formation. 
 Second, I examined the spatial diversity of airborne bacterial communities across the 
three dominant land-use types of the Colorado Front Range: forests, suburban areas, and 
agricultural sites.  The airborne communities exhibited significant community level shifts across 
the three land-use types, however the differences could not be attributed to the prevailing 
meteorological conditions, suggesting that the characteristics of the local terrestrial surfaces have 
a greater influence on the airborne communities than the prevailing meteorology. Overall, the 
airborne communities above the three land-use types appeared to be unique to potential source 
environments, however the taxa driving the land-use patterns were related to those taxa that were 
indicative of either soils or leaf surfaces.  
 Third, I carried out a seasonal (summer and winter) study of the airborne bacterial 
communities of the Great Lakes region of the USA.  The bacterial communities inhabiting the 
summertime atmosphere appeared to be similar to those communities from previous datasets. 
However, the winter samples were highly related to a much more unexpected bacterial source 
community, the bacterial communities found in animal feces. This study demonstrated how cross-
environment analyses of bacterial communities can be an effective tool for tracking bacteria back 
to their sources.   
 Fourth, I examined the seasonal variability of airborne bacterial communities at Storm 
Peak Laboratory. Bacterial abundances and total particle abundances were highly correlated and 
both exhibited significant seasonal variability over the four surveyed seasons. Bacterial 
concentrations also made up a significant component of the total atmospheric aerosol. The 
composition of the airborne communities differed by season, where specific taxonomic groups 
appeared to be driving the observed seasonal shifts. This work demonstrated that airborne 
bacterial communities often represent a large fraction of total aerosol particles and the taxonomic 
structure is likely shaped by seasonal shifts in atmospheric conditions and the corresponding 
changes in the local terrestrial environments.  
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INTRODUCTION AND BACKGROUND 
Airborne microbes are important factors in human and environmental health and likely play 
important roles in many of Earth’s biogeochemical cycles, yet we still know surprisingly little of their 
overall abundances and diversity in the atmosphere. Until recently the atmosphere was thought to be a 
relatively sterile environment, possessing few microbial inhabitants. However, recent studies are 
beginning to change this view as new estimates have shown that microbial concentrations can sometimes 
reach concentrations of a million cells per cubic meter of air (Bowers et al., 2009; Lighthart, 2000; 
Rodriguez-Hernandez et al., 2010) and because of their high number and mass concentrations, they are 
beginning to be considered an important, yet understudied component of atmospheric aerosols (Jaenicke, 
2005). Microbial diversity in the atmosphere is also much higher than previously thought, as a diverse 
array of phylotypes are beginning to emerge from a number of current studies (Bowers et al., 2011; 
Brodie et al., 2007; Després et al., 2007; Franzetti et al., 2011). Atmospheric microbes may also be 
important for their role in regulating the Earth’s climate, as they can potentially alter processes related to 
cloud water chemistry (Amato et al., 2005; Sattler et al., 2001), cloud formation (Constantinidou et al., 
1990; Mohler et al., 2007; Mohler et al., 2008; Pratt et al., 2009; Schnell et al., 1972) and radiative 
forcing (Jaenicke, 2005). Finally, given their established role in disease transmission (Brown et al., 2002; 
Hussman, 1996; Schwartz et al., 1995), a clear understanding of airborne microbial biogeography is 
needed to more accurately predict the sources and sinks of airborne microbes.  
 
Microbial impacts on human and agricultural health 
Traditionally, studies of aerosols in the near-surface atmosphere have largely focused on 
chemical pollutants that can travel deep into the human respiratory passage (Kaiser, 1997) as they can 
contribute to a number of human health related issues such as cardiovascular disease (Pope, 2009) and 
respiratory illnesses in children (Dockery et al., 1989). These studies typically focus on the PM2.5 
(particulate mass < 2.5 µm in diameter) and PM10 (particulate mass between 10 and 2.5 µm) aerosol size 
fractions. Typically, high fractions of organic material are observed in both size fractions (Zhang et al., 
! 
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2007), and this organic portion is highly likely to be dominated by microbial cells including viruses, 
bacteria, fungi and plant pollen (Wiedinmyer et al., 2009). Furthermore, of the studies examining 
microbial bioaerosols, most have focused on fungal spores, pollens and dust might allergens (Hussman, 
1996; Schwartz et al., 1995), while airborne bacteria and viruses have remained relatively unexplored.  
In addition to the potential effects that airborne microbes have human health, airborne microbes 
have also been linked to the health and productivity of managed and natural ecosystems as both animal 
and plant pathogens can be dispersed through the atmosphere (Hirano et al., 2000; Pillai et al., 1996). In 
some cases, pathogenic fungi can release spores that can travel hundreds to thousands of kilometers in the 
atmosphere, spreading crop disease at global scales (Brown et al., 2002). Specific bacterial plant 
pathogens such as Erwinia herbicola and Pseudomonas syringae among others initiate frost damage on 
leaf surfaces in a variety of agricultural crops (Lindow et al., 1978), and these same epiphytic bacterial 
species are now beginning to be found in atmospheric samples where it is thought that the atmosphere 
may in fact serve as a potential microbial habitat (Amato et al., 2007; Sattler et al., 2001; Morris et al., 
2008). 
 
Microbial impacts on atmospheric processes 
Some of the same microbial plant pathogens  (e.g. Pseudomonas syringae and Fusarium 
avenaceum) have been hypothesized to serve as ice nuclei (IN) (Constantinidou et al., 1990; Dingle, 
1966; Mohler et al., 2007; Mohler et al., 2008; Pouleur et al., 1992) and/or cloud condensation nuclei 
(CCN) (Bauer et al., 2003; Dingle, 1966; Mohler et al., 2007), important factors in cloud formation. The 
mechanism behind biological ice nucleation has been most intensely studied in the bacterium 
Pseudomonas syringae, which is thought to occur as a result of a unique integral membrane protein with 
high structural similarity to the crystal structure of ice, thus acting as an efficient template for ice 
nucleation to occur (Kajava et al., 1993; Turner et al., 1991; Vali, 1971). While biological ice nucleation 
appears to be a highly specific process, most cells can serve as atmospheric CCN particles, as CCN 
activity depends mostly on cell size and the cell’s hygroscopicity (Bauer et al., 2003; Mohler et al., 2007). 
! 
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Airborne microbes are also potentially important factors to the global radiation budget as suspended cells 
will reflect and/or absorb incoming sunlight (Jaenicke, 2005; Mohler et al., 2007). Finally, if microbes 
can perform basic metabolic reactions within liquid cloud water droplets (Amato et al., 2007; Sattler et 
al., 2001), they can potentially have profound impacts on our current understanding of aqueous phase 
cloud water chemistry (Amato et al., 2007; Sattler et al., 2001). 
 
Culture-independent methods for microbial community composition and abundance analyses 
The study of airborne microorganisms date’s back to Pasteur’s discovery that airborne microbes, 
or ‘germs’ as he called them, are present in floating dust particles and are responsible for such things as 
fermentation and putrefaction (Ariatti et al., 1993). However, even though more than a century’s worth of 
aerobiology research has been conducted, we still know surprisingly little as to the full extent of diversity 
and spatiotemporal variability of microbes in the atmosphere. This knowledge gap is largely due to the 
discipline’s dependence on culture-based methods, even though it has been well established that such 
methods can only capture a fraction of the total microbial diversity in a given environment (Pace, 1997). 
This culture-bias is often magnified in the atmosphere (Amato et al., 2007), demonstrating that airborne 
microbes are even less responsive to culturing techniques than in other environments. However, over the 
past ten plus years, culture-independent methods such as small subunit rRNA gene sequencing and/or 
hybridization techniques (Phylochip) have quickly become the standard tools for studies of environmental 
microbial diversity including microbial surveys of the atmosphere (Angenent et al., 2005; Bowers et al., 
2009; Bowers et al., 2010; Bowers et al., 2011; Brodie et al., 2007; Després et al., 2007; Després et al., 
2007; Fröhlich-Nowoisky et al., 2009; Maron et al., 2005; Radosevich et al., 2002; Wilson et al., 2002).  
In addition to microbial diversity estimates, we also know very little for how their total 
atmospheric abundances vary over space and time. Traditionally, culturing approaches have been used to 
determine total microbial abundances. For example, the number of colonies that appear on a general 
purpose solid growth medium following incubation are typically counted, however as stated above, 
culturing techniques dramatically underestimate total diversity and consequently underestimate total 
! 
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abundances. Alternatively, manual microscope counting has been used since the beginning days of 
microbiology and is not reliant on culturing, however traditional microscopy can be very time consuming 
and the results highly variable (Kepner et al., 1994). A relatively recent alternative to microscopy is flow 
cytometry, which has been used most extensively in marine environments (Collier, et al., 1999; Gasol et 
al., 2000; Marie et al., 2010; Monger et al., 1993), and more recently applied to studies of the atmospheric 
environment (Albrecht et al., 2007; Bowers et al., 2011; Lange et al., 1997). Furthermore, the recent 
development of real-time fluorescence based biological particle counting instruments such as the UV-
APS (Ultra-Violet – Aerodynamic Particle Sizer) (Huffman et al., 2009) and WIBS Wide Issue 
Bioaerosol Sensor) (Gabey et al., 2010) may help to better constrain the estimates of bioaerosol 
concentrations (including microbes) and their relative contribution to total atmospheric aerosol 
concentrations.  
 
Can we predict sources and trajectories of airborne microbial populations? 
Airborne microbes are known to travel long distances through the atmosphere (Griffin, 2007), 
and a fraction of the airborne community can pose significant threats to human and environmental health 
(Brown et al., 2002; Hussman, 1996; Schwartz et al., 1995; Shinn et al., 2000). However, our ability to 
determine microbial sources and forecast their trajectories remains highly uncertain. Nevertheless, we do 
know that microbes can get into the upper reaches of the atmosphere reaching heights of 20,000 m or 
more above surface level (Griffin, 2004), making it highly likely that cells may be able to travel long 
distances through the atmosphere. To more quantitatively determine the sources of airborne microbes, 
microbial source tracking concepts can be applied to determine probable source environments for the 
airborne microbes. Microbial source tracking is a discipline that is rooted in understanding the microbial 
sources that pose risks to human health, most notably determining indicators of fecal contamination. 
Traditional source tracking methods include culture based assays that identify fecal indicators such as E. 
coli and Enterococcus spp. in non-native habitats such as in drinking water, the food supply, etc. (Scott, et 
al., 2002). However, as stated above, most bacteria cannot be readily cultured, and as a result these 
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traditional methods are being replaced by molecular approaches that target either the indicators of fecal 
contamination (Baertsch et al., 2007; Carson et al., 2005; Newton et al., 2011) or the presence of the 
pathogen itself (Palka-Santini et al., 2009; Westh et al., 2009). Finally, whole-community based source 
tracking can be used to determine the relative contribution of indicator taxa to a given sink environment 
(Knights et al., 2011; Witty et al., 2009). Examples of microbial source tracking on atmospheric samples 
have recently been shown to be an effective tool for the identification of potential microbial sources 
(Baertsch et al., 2007; Bowers et al., 2010; Bowers et al., 2011; Rodríguez de Evgrafov et al., 2010), and 
may one day become a useful tool for the prediction of potential disease outbreaks.  
 
With this PhD thesis, I focused on understanding the spatiotemporal distributions of airborne 
microbial communities. To determine the  variability in airborne microbial communities, I performed four 
studies describing the total abundances, diversity, and community composition of microbial life in the 
atmosphere. This PhD thesis work focused on understanding the following four fundamental questions in 
aerobiology and atmospheric microbial ecology. (1) How do microbial concentrations vary over time and 
space (Chapters 1-4), and what is their contribution to total aerosol concentrations (Chapters 1 and 4)? (2) 
What are the concentrations of biological ice nuclei in the high-elevation atmosphere (Chapter 1)? (3) 
How does the structure and composition of bacterial communities found in the near-surface atmosphere 
change across time and space? (Chapters 1-4)? and (4) Can we identify possible sources of the airborne 
microbial communities (Chapters 2 and 3)? To address these questions, a diverse array of techniques and 
analyses were employed. Fluorescence based microscopy and flow-cytometry were used for total 
abundance measurements, droplet freezing assays were used to determine the concentrations of biological 
ice nuclei, high throughput community level sequencing was used for diversity and community 
composition analyses, and finally, an indicator taxa approach was used to determine the relative 
contributions of specific source environments to the microbial communities found in the atmosphere.  
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CHAPTER 1.  CHARACTERIZATION OF AIRBORNE MICROBIAL COMMUNITIES AT A 
HIGH-ELEVATION SITE AND THEIR POTENTIAL TO ACT AS ATMOSPHERIC ICE 
NUCLEI 
 
ABSTRACT 
Bacteria and fungi are ubiquitous in the atmosphere. The diversity and abundance of airborne 
microbes may be strongly influenced by atmospheric conditions, or even influence atmospheric 
conditions themselves by acting as ice nucleators. However, few comprehensive studies have described 
the diversity and dynamics of airborne bacteria and fungi using culture-independent techniques. We 
document atmospheric microbial abundance, community composition, and ice nucleation at a high 
elevation site in northwestern Colorado, USA. We used a standard small-subunit rRNA gene Sanger 
sequencing approach for total microbial community analysis and a bacterial-specific 16S rRNA barcoded 
pyrosequencing approach (4,864 sequences total). During the two-week collection period, total microbial 
abundances were relatively constant, ranging from 9.6 x 105 to 6.6 x 106 cells m-3 of air, and the diversity 
and composition of the airborne microbial communities was also relatively static. Bacteria and fungi were 
nearly equivalent, and members of the proteobacterial groups Burkholderiales and Moraxellaceae 
(particularly the genus Psychrobacter) were dominant. These taxa were not always the most abundant in 
freshly-fallen snow samples collected at this site. Although there was minimal variability in microbial 
abundances and composition within the atmosphere, the number of biological ice nuclei increased 
significantly during periods of high relative humidity. However, these changes in ice nuclei numbers were 
not associated with changes in the relative abundances of the most commonly-studied ice nucleating 
bacteria. 
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INTRODUCTION 
Microbes are abundant in the atmosphere with both cultivation-dependent and molecular 
approaches showing that the atmosphere harbors a diverse assemblage of bacteria and fungi, including 
taxa also commonly found on leaf surfaces (Andrews et al., 2000; Lindow, et al., 2003) and in soil 
habitats (Fierer et al., 2007). The abundance and composition of airborne microbial communities is 
variable across time and space (Brown et al., 2002; di Giorgio et al., 1996; Elster et al., 2007; Fierer et al., 
2008; Lighthart et al., 1995; Lighthart et al., 1997; Tong et al., 2000). However, the atmospheric 
conditions responsible for driving the observed changes in microbial abundances are unknown. The 
diversity of airborne microorganisms, and the factors influencing diversity levels, also remains poorly 
characterized. One reason for these limitations in knowledge is that until recently, culture-based 
microbiological methods have been the standard, and it is well-recognized that such methods capture only 
a small portion of the total microbial diversity (Pace, 1997). As demonstrated in a number of recent 
studies (Angenent et al., 2005; Brodie et al., 2007; Després et al., 2007; Fierer et al., 2008; Maron et al., 
2005; Pace, 1997; Radosevich et al., 2002; Wilson et al., 2002; Tong et al., 2000), advances in culture-
independent techniques allow far more of the microbial diversity present in the atmosphere to be surveyed 
and the spatiotemporal variability in microbial communities to be examined. 
Microbes are often considered passive inhabitants of the atmosphere, dispersing via airborne dust 
particles. However, recent studies suggest that many atmospheric microbes may be metabolically active 
(Amato et al., 2005; Amato et al., 2007; Sattler et al., 2001) even up to altitudes of 20,000 m (Griffin et 
al., 2004). Some airborne microbes may alter atmospheric conditions directly by acting as cloud 
condensation nuclei (Bauer et al., 2003; Dingle, 1966; Mohler et al., 2008) and/or ice nuclei (IN) (Bigg et 
al., 1999; Constantinidou et al., 1990; Kieft et al., 1989; Mohler, 2007; Pouleur et al., 1992): this 
hypothesis is supported by the observation that most ice nuclei in snow samples are inactivated by a 95°C 
heat treatment (Christner et al., 2008; Christner et al., 2008). However, the overall contribution of 
airborne microbes to atmospheric processes such as ice nucleation remains unclear.  
! 
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 The best-studied ice nucleating microbes are Gram-negative bacteria that have also been isolated 
from leaf surfaces including:  Pseudomonas syringae, P. fluorescens, Erwinia herbicola, Xanthomonas 
campestri, and Sphingomonas spp. (Lee et al., 1995).  These bacteria have been cultured extensively, and 
their ice nucleating activity has been traced to a membrane-bound glycoprotein (Kajava et al., 1993; 
Kozloff et al., 1991; Turner et al., 1991). However, their specific influence on atmospheric processes 
remains, at this point, largely anecdotal. Less is known about the ice nucleating activities of fungi, but a 
few studies have shown that fungi can be effective ice nucleators, capable of initiating ice nucleation at 
temperatures as high as -2°C (Pouleur et al., 1992; Kieft et al., 1989). At this point, all known ice 
nucleating microorganisms are amenable to culture-based studies, but given that the vast majority of 
microorganisms have yet to be cultured, it is likely that other ice-nucleating microbes remain 
undiscovered.   
The work presented here addresses three overarching questions:  1: Are microbial abundances 
altered by changes in atmospheric conditions?  2: How is the diversity and composition of airborne 
microbial communities influenced by changes in atmospheric conditions?  3: Can we identify known and 
novel ice-nucleating microbes in the atmosphere by testing for correlations between taxa abundances and 
the concentrations of biological ice nuclei? To address these questions, we combined epifluorescence 
microscopy, tagged pyrosequencing, Sanger sequencing, and an ice nucleation assay with atmospheric 
measurements to characterize the microbial communities at a high-elevation research site.  
 
METHODS 
Sampling site description   
Air samples were collected from a single location 4 m above ground level on the roof of the 
Storm Peak Laboratory (SPL). SPL sits at the top of Mt. Werner near Steamboat Springs, CO, USA 
(40.45°N, 106.73°W) at 3200 m above sea level. The SPL research station is owned and operated by the 
Desert Research Institution (DRI) Division of Atmospheric Sciences and its unique mountaintop location 
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provides researchers with an opportunity to study the free troposphere and boundary layer atmosphere in 
a fairly pristine location. Further details on the sampling location and atmospheric conditions at the site 
can be found in Borys and Wetzel (Borys et al., 1997). Sampling was conducted at nine timepoints over a 
two-week period in late March and early April 2008 when the ground was still snow-covered. The 
duration of each sampling period and the corresponding weather conditions are presented in Table 1.  
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Meteorological measurements and particle counts relative to microbiology studies   
SPL’s suite of meteorological instruments includes a continuously recording meteorological 
station that automatically streams data to the Western Regional Climate Center.  Meteorological 
instruments used in this study were a research grade thermometer, de-iced wind vane anemometer, 
barometer, and relative humidity sensors (Campbell Scientific, Inc., Met One and Vaisala interfaced to 
data loggers). An Aerodynamic particle sizer (TSI-APS), model 3320 (TSI, Shoreview, MN) was used to 
measure total number concentration and size distributions of particles with diameters of 530 nm to more 
than 5 µm.  
 
Airborne microbial sample collection   
Air samples were captured on triplicate sterile 0.22 µm cellulose nitrate filters (Fisher Scientific, 
Pittsburgh, PA) via vacuum filtration with a flowrate of 7.5 L min-1. The total volume of air that passed 
through each filter during each sampling period ranged from 2.5 m3 to 5.4 m3. One filter from each 
triplicate set was used for each of the following assays: total microbial abundance measurements via 
epifluorescence microscopy, DNA extraction and the associated microbial community composition 
analyses, and ice nucleation assays. Additionally, two fresh snow samples were collected following 
overnight storms at SPL that occurred during the sampling period (Table 1). Snow was melted at 4°C in 
sterile bags and 1 L of snowmelt was filtered through each of three 0.22 µm cellulose nitrate filters. The 
same three assays described above were also performed on the two collected snow samples.  
 
Total microbial abundance   
Aerosol particles were shaken from the filters at approximately 200 rpm in a small Petri dish in 8 
ml of HPLC-grade water for 2 h at 4°C. A subset of the filters was examined under a microscope after 
this shaking process to assure that most visible particles were removed from the filter. While the 
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efficiency of particle removal was not evaluated for every individual sample, all sample filters were 
treated identically, and therefore any bias associated with this method should be held constant across the 
sample set. The microbial particles suspended in HPLC-grade water were stained with 4’-6’-diamidino-2-
phenylindole (DAPI), a DNA binding dye (KPL, Gaithersburg, MD) at a final working concentration of 
500 µg mL-1, and counted at 1000X magnification using a Nikon Eclipse E400-epifluorescence 
microscope following the protocol described in Hernandez et al. (Hernandez et al., 1999). Intact cells 
were counted on 25 mm diameter black polycarbonate filters with pore sizes of 0.22 mm (GEI-W&PT, 
Trevose, PA). Microbial abundance is expressed as cells per cubic meter of air, taking into account the 
dilution, the flow rate, and the number of hours sampled. 
 
Ice nucleation counts   
Particles were removed from the filters using the same protocol described in the total particle 
count section above. The drop-freeze assay was performed using a modified version of the protocol 
described in Vali (Vali, 1971). Drop-freeze plates were assembled by coating an aluminum foil-covered 
copper plate with a 5% (w/v) Vaseline in xylene solution. After the xylene had evaporated, 10 !l drops 
were arrayed (96 drops per sample) in an 8 x 12 format across the surface of the plate. Extra columns of 
10 !l, HPLC-grade water drops (not containing sample) were placed on each side of the array as a plate 
control.  The temperature of the plate was then cooled with a Peltier device at a constant rate of 1ºC every 
30 seconds until all of the water drops froze. The drop-freeze plate preparation was considered to be 
robust if the HPLC-water drops did not freeze above -20°C. All sample drops freezing at -10°C and above 
were recorded as containing ice nuclei, and were used to calculate the abundance of ice nuclei in each 
sample. The total concentration of ice nuclei in each sample were calculated using equation 13 under the 
cumulative nucleus spectra section in Vali, 1971 (Vali, 1971). The cumulative nucleus concentration 
calculation is sensitive to the total number of drops used as well as the volume of each drop in the assay. 
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For example, if the sample is aliquoted into a large number of small volume drops, more total ice nuclei 
will be observed than if the same sample was aliquoted into fewer, larger volume drops. The calculation 
described in Vali, 1971 (Vali, 1971) determines the total concentration of ice nuclei per ml of sample 
volume.  The total number of ice nuclei was then calculated per cubic meter of air or per liter of snowmelt 
for the air and snow samples, respectively. A subset of samples was reanalyzed using replicate filters in 
order to demonstrate the repeatability of the assay and the ice nucleation numbers varied by less than 1% 
between replicate filters.  
 
Total microbial community composition via Sanger sequencing   
We examined the overall microbial community composition of bacteria and fungal communities 
in air and snow samples using a method similar to that of Lauber et al. (Lauber et al., 2008 ) by 
constructing clone libraries of partial rRNA genes followed by Sanger sequencing. DNA from microbial 
cells trapped on the filters was extracted using the Ultra-Clean Plant DNA isolation kit (MoBio 
Laboratories, Carlsbad, CA). The filters were cut into strips using sterile scissors and forceps under a 
laminar flow hood and loaded into the bead tube of the DNA extraction kit, heated to 65°C for 10 min, 
followed by 2 min of vortexing. The remaining steps of the extraction were carried out according to the 
manufacturers’ instructions. Ribosomal sequences from all three domains (Archaea, Bacteria, Eukarya) 
were amplified using the universal primer set 515f and 1391r that amplifies an 850-1100 bp portion of the 
small subunit rRNA gene (Angenent et al., 2005 ). PCR reactions were performed using the Platinum 
PCR Supermix (Invitrogen, Carlsbad, CA). Primers were added to a final concentration of 0.2 µM, and 2 
µl of DNA template was used in each 25 µl reaction. PCR amplification was performed with an initial 
denaturation at 94°C for 3 min followed by 35 cycles of 94°C for 30 s, 50°C for 30 s, and 72°C for 30 s 
with a final extension at 72°C for 10 min. Each sample was amplified in triplicate and the amplicons were 
pooled by sample and run on a 1.2% agarose gel. The bands were purified with the Qiaquick gel 
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extraction kit (Qiagen, Carlsbad, CA). PCR amplicons were cloned into the TOPO TA cloning vector and 
transformed into TOP10 chemically competent cells (Invitrogen, Carlsbad, CA) and grown on L-agar 
supplemented with 50 µg ml-1 ampicillin. Following overnight incubation at 37°C, colonies were picked 
and M13 colony PCR was performed using identical PCR conditions to those described above. PCR 
products were sent to Agencourt Bioscience (Beverly, MA) for single pass sequencing. Negative control 
filters were extracted and PCR amplified along with no template PCR reactions. These reactions produced 
no visible PCR product on a SYBR Green-stained agarose gel. 
 
Sanger sequence analysis   
Sequences were binned into major taxonomic groups (i.e. bacteria, fungi, and plant) using the 
BLAST algorithm (Altschul et al., 1997) against the NCBI non-redundant database 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Sequences with expect (E) values greater than 1e-100 were not 
included in the analysis. Of the 672 Sanger sequences having an average length of 750 bp, 12% were of 
low quality or chimeric and were therefore removed from the analysis. Approximately 7% of the quality 
sequences were most closely matched to plants and these sequences were not further analyzed. Bacterial 
and fungal sequences were analyzed separately as there is currently no single database that can 
simultaneously classify both of these groups with confidence. The bacterial sequences were aligned using 
the NAST aligner (minimum length, 600 bp; minimum identity, 75%), checked for chimeras using 
Bellerophon (DeSantis et al., 2006) against the Greengenes database (DeSantis et al., 2006), and 
classified with the Greengenes “classify” tool (http://greengenes.lbl.gov/cgi-bin/nph-classify.cgi) using 
the Hugenholtz taxonomy. More detailed phylogenetic analysis of specific bacterial groups was 
performed with the maximum likelihood tree-building program, RAxML-7.0.4 (Stamatakis, 2006) using 
the GTR nucleotide substitution model and a consensus tree was built from the highest scoring tree of 100 
bootstrapped trees. Fungal sequences were aligned using MUSCLE (Edgar, 2004) and classified by 
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performing a local BLAST against the comprehensive 16S/18S Silva database, r96_ssu.fasta file 
(http://www.arb-silva.de/no_cache/download/archive/release_96_exports/). The number of unique fungal 
phylotypes was defined as those sequences sharing > 97% sequence similarity, estimated with the 
FastGroupII algorithm (Yu et al., 2006).  
 
Bacterial community composition via tagged pyro-sequencing   
We used a newly developed barcoded pyrosequencing procedure to comprehensively survey the 
airborne bacterial communities. This protocol is identical to the protocol described by Fierer et al. (Fierer 
et al., 2008) including both the PCR conditions and primer sequences. Negative controls (both no 
template and template from unused filters) were included at all steps of the process to check for 
contamination. PCR amplicons from each sample were pooled at approximately equi-molar 
concentrations into a single tube used for the pyrosequencing reaction. Samples were pyrosequenced at 
the Environmental Genomics Core Facility at the University of South Carolina on a 454 Life Sciences 
Genome Sequence FLX (Roche) machine.  
 
Pyrosequencing phylogenetic analysis   
Sequences were analyzed and processed according to Hamady et al. (Hamady et al., 2008). Only 
those sequences that were > 200 bp in length with a quality score > 25 with no ambiguous characters were 
included in the analysis (Huse et al., 2007). Sequences were assigned to samples by examining the 12-bp 
barcode (Fierer et al., 2008). Phylotypes were identified using Megablast to identify connected 
components (nearest neighbor), sets of similar sequences (parameters: E value, 1e-8; minimum coverage, 
99%; minimum pairwise identity, 97%). A representative sequence was chosen from each phylotype by 
selecting the most highly connected sequence, i.e., the sequence that had the most hits more significant 
than the BLAST threshold to other sequences in the dataset (Ley et al., 2008). The set of all representative 
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sequences was aligned using NAST (21) (parameters: minimum alignment length, 190; sequence identity, 
70%) with a PH lanemask (http://greengenes.lbl.gov/) to screen out hypervariable regions of the 
sequence. Sequences were checked for chimeras using an in-house BLAST-based chimera checking 
program, which basically checks to see if the sequence ends hit different phyla. A related neighbor-
joining tree was built using Clearcut (Sheneman et al., 2006), employing the Kimura correction. 
Unweighted UniFrac (Lozupone et al., 2005; Lozupone et al., 2006) was run using the resulting tree and 
the sequences annotated by environment type. The UniFrac algorithm provides an estimate of the overall 
phylogenetic distance between each pair of communities and therefore avoids some of the pitfalls 
associated with phylotype-based community analyses (Lozupone et al., 2005). Taxonomic identity of the 
phylotypes was assigned with BLAST against the Greengenes database (DeSantis et al., 2006) by using 
an E value cutoff of 1e-10 and the Hugenholtz taxonomy.  
 
Statistical analysis   
UniFrac was used to quantitatively compare the phylogenetic structure of the individual air and 
snow samples (Lozupone et al., 2005). The UniFrac algorithm was applied to a neighbor-joining tree 
containing all sequences across all samples together with an environment file used to match sequence IDs 
to their corresponding sample ID. Relationships between microbial community phylogenetic distance, as 
determined using the UniFrac algorithm, and meteorological parameters were investigated using the 
PRIMER software package (www.primer-e.com) (Clarke et al., 2001). Non-metric multidimensional 
scaling (NMDS) was used to visualize the UniFrac phylogenetic distance between the air and snow 
bacterial communities in each pair of environments. The RELATE function in PRIMER was used to 
evaluate correlations between community phylogenetic distance and each of the individual weather 
parameters. The effect of each individual weather parameter (Table 1) on community phylogenetic 
distance was considered significant if P < 0.05. The variation in total particle abundance, total microbial 
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abundance, and the cumulative ice nuclei between clear or cloudy skies was assessed with a Student’s t-
test using Statview v5.01.  
 
Accession Numbers   
The Sanger sequences have been deposited in the Genbank nr database. The bacterial sequences 
have accession numbers FJ746985 through FJ747245, and the fungal sequences have accession numbers 
FJ747246 through FJ747530. The pyrosequencing data will be deposited in the GenBank short-read 
archive (note to reviewers: we are currently working on depositing these sequences to the short read 
archive). 
RESULTS 
Meteorological conditions   
Atmospheric conditions were measured across the two-week sampling period including both clear 
and cloudy conditions. This is typical of SPL in winter months, since the facility is above cloud base 25% 
of the time. Based on numerous field sampling programs that have been conducted at SPL, it has been 
observed that synoptic-scale storms occur at a frequency of 5–7 days, and when storms are present, SPL 
typically remains in cloud for periods of 24–48 hours. When SPL is in cloud, supercooled liquid water is 
typically present (Borys et al., 1997). Half of the samples were collected during cloudy periods and half 
during clear periods, where cloudy and clear periods are defined as periods of high and low relative 
humidity, respectively (see Table 1 for description of Sample IDs). Cloudy samples were collected within 
a cloud or with the cloud immediately overhead; cloudy samples had an average relative humidity of 98% 
and clear samples, 63%. There were three snowstorm events of approximately 5 cm each during the 
nights of April 1st – 2nd and April 2nd – 3rd, and during the early morning to early afternoon on April 3rd 
corresponding to samples, 4-1.CD.N, 4-2.CD.N, and 4-3.CD.D respectively (Table 1). Samples 4-5.CD.D 
and 4-5.CD.N were also cloudy air samples, but with no snowfall. The remaining four samples were 
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collected from clear skies (Table 1).  Samples collected during the day roughly correspond to samples 
taken from the boundary layer and samples collected during the night correspond to free troposphere 
samples (Borys et al., 1997). 
 
Particle counts in relation to total microbial abundance and total ice-nuclei   
The number of total particles and DAPI-stained particles (i.e. cells) remained relatively constant 
across all nine sampling periods. Total microbial counts ranged from 9.6 x 105 to 6.6 x 106 cells m-3 of air, 
and the concentrations of total particles with diameters of 530 nm to more than 5 µm, as determined via 
APS size fractionation, ranged between 8.2 x 107 and 2.3 x 108 particles m-3 (Fig. 1A). There was no 
significant difference between clear and cloudy air samples with respect to either cell concentrations (P = 
0.5) or total particle counts (P = 0.10). However, the total number of ice-nuclei was far more variable 
across the two-week sampling period than either the cell counts or total particle counts, ranging from 0 
IN/m3 to 91 IN/m3 (Fig. 1). When samples were binned into clear (n = 4) or cloudy (n = 5) air samples, 
the mean IN concentration was significantly greater in the cloudy air samples (P < 0.05) (Fig. 1A). 
Similarly, the mean number of IN was positively correlated with relative humidity measurements across 
all of the sampling events (Fig. 1B). 
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Fig. 1. Total APS Particle counts, total microbial abundance, and the total number of ice nuclei observed 
in clear and cloudy skies, and in replicate snow samples. A. Left y-axis. APS Particle counts ( ) (P = 
0.09, between clear and cloudy) and DAPI counts (DNA containing particles) ( ) (P = 0.47, between 
clear and cloudy) for samples collected in clear air, cloudy air, and from fresh snow. Right y-axis.  The 
number of ice nuclei (IN) observed per volume of air or melted snow ( ) (P = 0.05 between cloudy and 
clear). The air samples are in units of particles or IN m-3 of air, while the snow samples are in units of 
particles or IN per liter of snow melt. There were no statistics run between the air and snow samples as 
the units cannot be compared, and there were no total particle measurements as the APS instrument was 
only used for atmospheric aerosols. B. Relationship between the mean relative humidity during each of 
the air sampling periods and the total number of ice nuclei m-3 of air. 
 
Characterization of airborne microbial communities via Sanger sequencing   
All of the high-quality sequences (590 in total) obtained from the nine air samples and two snow 
samples could be assigned to one of three major taxonomic groups: plant, bacteria, or fungi  (Fig. 2). 
Plant sequences made up 1.6 to 23% of the sequences from the individual air and snow samples (Fig. 2).  
The snow possessed the largest number of plant sequences (20% of total Sanger sequence sets), whereas 
less than 4% of the sequences belonged to plants in the individual air samples (Fig. 2). The plant 
sequences were predominantly close matches to conifers, particularly Pinus spp., of which are most likely 
airborne pollen grains. It should also be pointed out that these plant sequences correspond to nuclear 18S 
rRNA genes and not chloroplast, 16S-like genes.  
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Fig. 2. Coarse level taxonomic description of the 9 air samples and 2 snow samples.  The numbers in 
parentheses represent the total number of sequenced clones from each sample (E <1e-100) that were 
nonchimeric with an expect value <  1e-100 (E <  e -100). Refer to Table 1 for a complete description of each 
sample ID listed on the x-axis. 
 
 Overall, bacterial to fungal ratios across the nine air samples were fairly consistent with bacterial 
and fungal sequences having roughly equivalent representation in the individual libraries (Fig. 2). In 
contrast, fungal sequences represented 68% of the sequences obtained from the two snow sample libraries 
(Fig. 2). Since the composition of the bacterial communities was nearly identical across the Sanger 
sequence dataset and the pyrosequencing dataset (data not shown), we did not use the Sanger sequences 
to describe the bacterial communities as the pyrosequencing dataset provided a far more comprehensive 
survey of the bacterial diversity. The fungal Sanger dataset consisted of 289 18S rRNA sequences 
generated from the 11 samples (9 air and 2 snow). Of the 289 fungal sequences, 126 unique phylotypes 
were identified at the 97% sequence similarity level. The majority of the sequences were identified as 
Ascomycota (82% and 92% of the fungal sequences in the air and snow respectively). Sequences 
identified as Zygomycota were present in the air samples (14%) but absent from the snow samples, with 
Basidiomycota sequences making up the remainder of the fungal sequences in the air (4%) and snow (8%) 
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samples. The Dothideomycetes was the most abundant fungal class in both the air (53%) and snow (58%) 
samples, followed by the Eurotiomycetes (19%) in the air and both Leotiomycetes (14%) and the 
Lecanoromycetes (11%) in the snow samples. Fig. 3 provides further details on the composition of the 
fungal communities across individual samples.  On a per sample basis, the Dothideomycetes were the 
most abundant fungal class in 7 of 11 samples, while the Eurotiomycetes dominated three samples (Fig. 
3).        
 
Fig. 3. Composition of the fungal communities as determined using full-length Sanger sequencing. 
Numbers in parentheses indicate the number of sequences obtained from each sample. Refer to Table 1 
for a complete description of each sample listed on the x-axis. 
 
Characterization of airborne bacterial communities via pyrosequencing   
Using the pyrosequencing technique, a total of 4,864 bacterial sequences were generated across 
all samples. Of the 4,864 sequences, 646 unique phylotypes were observed (with a phylotype defined as 
those sequences sharing > 97% identity). Sequences were also grouped at the 95% and 99% sequence 
similarity levels, which yielded 571 and 1,229 unique phylotypes, respectively. Rarefaction curves were 
constructed for the most and least diverse samples at each of these sequence similarity levels (Fig. 4). 
Rarefaction curves at all three similarity levels did not asymptote suggesting that we did not survey the 
full extent of airborne bacterial diversity even with an average of 407 sequences per sample (Fig. 4).  
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Fig. 4. Rarefaction curves at the 99%, 97%, and 95% sequence similarity levels. Curves from the most 
(Sample ID: 4-4.CL.N, solid lines) and least (Sample ID: 3-24.CL.D, dashed lines) diverse of the 9 
airborne bacterial samples. 
 
All of the air samples had similar bacterial communities regardless of atmospheric conditions, 
however the two snow communities were considerably more variable (Fig. 5). At the phylum-level of 
taxonomic resolution, there were seven major taxa represented throughout the 11 samples. The most 
abundant phyla present (Fig. 5) in the nine air samples were the Proteobacteria (83%) followed by the 
Bacteroidetes (10%), while the snow communities were dominated by the Proteobacteria (43%) and 
Cyanobacteria (26%). The majority of the proteobacterial sequences were similar to the " and #-
subphyla, accounting for 47% and 39% of the air sample proteobacterial sequences and 17% and 14% of 
the snow proteobacterial sequences, respectively (Fig. 5). The "-Proteobacteria were dominated by the 
Burkholderiales (96% and 91% of the air and snow "-Proteobacteria sequences), and the #-
Proteobacteria were predominantly composed of the Moraxellaceae (83% and 92% of the air and snow 
#-Proteobacteria sequences) (Fig. 5). Other less common taxa identified from most of the air samples 
included the Enterobacteriaceae, Pseudomonadaceae, and Xanthomonadaceae (each representing <5% of 
the bacterial sequences in the air and snow samples). Overall, the bacterial communities present in the 
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snow samples differed from those found in the air samples (Fig. 5). In particular, one of the snow samples 
was dominated by Cyanobacteria sequences (48% of the bacterial sequences).  
 
Fig. 5. Most abundant bacterial groups identified using barcoded pyrosequencing. Numbers in 
parentheses indicate the number of sequences obtained from each sample (E <1e-100) that were 
nonchimeric with an expect value <  1e-100 (E <  e -100) from a single tagged pyrosequencing run. Refer to 
Table 1 for a complete description of each sample ID listed on the x-axis. Proteobacterial groups are 
designated by the symbols !, ", and # for the classes Alphaproteobacteria, Betaproteobacteria, and 
Gammaproteobacteria, respectively. 
 
The snow samples harbored phylogenetically distinct terrestrial communities compared to those 
found in the nine air samples (Fig. 6A), and there was minimal variation in the bacterial phylogenetic 
structure across the nine air samples (Fig. 6B). The minor differences between the air bacterial 
communities could not be explained by the measured meteorological conditions, as there was no 
significant correlation between any of the measured meteorological factors (singly or in combination) and 
the UniFrac distance matrix (P > 0.05 in all cases).   
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Fig. 6.  Nonmetric multi-dimensional scaling (NMDS) plot of the UniFrac distance matrix from the 
tagged pyrosequence bacterial dataset. These plots compress the multi-dimensional UniFrac distance 
matrix to two dimensions. A. Air ( ) (n = 9) and Snow ( ) (n = 2)  (Stress value =  0.01) B. Air only, 
IDs correspond to the IDs listed in Table 1 (Stress value = 0.07). 
 
DISCUSSION 
Total microbial abundance   
Total airborne microbial abundances, as determined via epifluorescence microscopy, remained 
relatively stable throughout the sampling period despite the changing atmospheric conditions (Fig. 1A). 
The total microbial abundances observed at SPL are similar to cell counts reported from other airborne 
microbial studies (Albrecht et al., 2007; Fabian et al., 2005; Lange et al., 1997), suggesting that microbial 
concentrations are relatively constrained across a range of atmospheric conditions. However, our 
microbial abundance measurements are significantly higher (approximately an order of magnitude) than a 
similar study reporting bacterial and fungal counts at a high elevation research site in the Austrian Alps 
(Bauer et al., 2002). The difference between our study and the work of Bauer et al. (Bauer et al., 2002) is 
likely methodological as the Bauer et al. (Bauer et al., 2002 ) study counted bacteria and fungi separately, 
did not include pollen in their measurements, and used a different air sampling procedure.  
Recently, primary biological particles have been shown to contribute a large fraction to the total 
atmospheric aerosol abundance (Jaenicke, 2005).  Of the total aerosol concentration at SPL, the number 
of particles with biological characteristics (fluorescing in the presence of the DNA binding dye, DAPI) 
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accounted for approximately 5-10% of the particles measured by the APS (Fig. 1A). This microbial 
aerosol fraction is similar to estimates provided in the recent literature. For example, air samples that were 
collected in Germany (Matthias-Maser et al., 1995), the South Atlantic (Matthias-Maser et al., 1999), and 
at a remote location in Siberia (Matthis-Maser et al., 2000) contained microbial fractions (percentage of 
fluorescing particles in relation to the total particle count) ranging from 17% to 30%. While our study did 
not include measurements spanning the different seasons, the microbial aerosol fraction was relatively 
constant over the two week sampling period (Fig. 1A), which is consistent with the temporal stability 
observed by the Matthias-Maser (Matthias-Maser et al., 1995; Matthias-Maser et al., 1999; Matthis-Maser 
et al., 2000) and Jaenicke (Jaenicke, 2005) studies mentioned above.  
 
Bacterial to fungal ratios   
The relative abundance of the major taxonomic groups (plant, bacteria, and fungi) varied little 
over the two-week sampling period (Fig. 2). The plant sequences were minor constituents of the nine 
libraries constructed from the air samples with fungal and bacterial sequences having approximately equal 
representation in the libraries (Fig. 2). The 1:1 ratio of bacterial to fungal sequences observed in these air 
samples is consistent with Wilson et al. (Wilson et al., 2002) who observed a similar ratio in a single air 
sample collected in California (Wilson et al., 2002). The bacterial to fungal ratios at SPL differed from 
both a recent ribosomal sequencing based study (Fierer et al., 2008) and an earlier culture-based survey 
(di Giorgio et al., 1996), as both studies observed much higher variation in their bacterial to fungal ratios 
over time. These differences may be attributed to differences in sampling location and/or the time of 
sampling. The air collected by Fierer et al. (Fierer et al., 2008) was collected at head height on a college 
campus, and the di Giorgio et al. (di Giorgio et al., 1996) work was conducted at two cities in France over 
a year. Both studies were performed at locations that are likely influenced by a number of anthropogenic 
disturbances that could potentially cause large shifts in microbial abundance and composition over short 
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time periods, whereas the air at SPL is comparatively undisturbed with regard to surface-level microbial 
sources. While there are approximately equal numbers of bacterial and fungal sequences in our airborne 
samples, it is important to recognize that these sequence ratios do not necessarily indicate that bacteria 
and fungi have equivalent biomass concentrations in the atmosphere as these taxa differ with respect to 
their cell sizes and the number of small-subunit rRNA copies per cell. 
 
Fungal community composition   
At the level of taxonomic resolution afforded by the 18S rRNA gene, the fungal sequences appear 
to be more variable than the bacterial communities (Fig. 3), although some of this variability could be 
attributed to the small number of sequences used to assess the airborne fungal communities. The majority 
of the samples collected at SPL were dominated by the Dothideales and Eurotiomycetes classes of fungi 
(Fig. 3), which were also observed to be the dominant fungi colonizing sediment exposed by a receding 
glacier (Jumpponen, 2003). Culturable fungi that are commonly thought to be abundant in the atmosphere 
such as Alternaria, Cladosporium, and Penicillium spp. (Burge, 2002; Shelton, 2002) were not found in 
the air samples at SPL. These differences may be attributed to culturing bias, although we did not 
compare cultivation-dependent and cultivation-independent surveys of fungal diversity in this study. 
 
Bacterial diversity   
Just as the relative abundances of airborne bacteria and fungi were moderately constant over time, 
the types of bacteria present in the atmosphere sampled at SPL also changed very little over the two-week 
sampling period (Fig. 5). Although the 4,864 bacterial sequences generated from the bacterial-specific 
pyrosequencing run represents one of the more comprehensive surveys of airborne bacterial diversity to 
date (with an average of 407 sequences per sample), we still did not survey the full extent of bacterial 
diversity within the individual air samples as evidenced by the lack of asymptotes in Fig. 4. The bacterial 
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diversity levels observed at SPL are considerably lower than those reported in other molecular based 
studies of the atmosphere (Brodie et al., 2007), and in other environments such as in soil (Fierer et al., 
2007). The differences in diversity levels between the various airborne landscapes may be attributed to 
sampling location, as Després et al. (Després et al., 2007; Després et al., 2007) observed lower bacterial 
diversity levels in the air of the high-alpine environment as compared to their urban and rural sampling 
locales (Després et al., 2007; Després et al., 2007).  
 
Bacterial community composition   
The bacterial taxa identified from the nine air samples collected at SPL were similar to those 
found in other studies where air samples were also dominated by " and #-Proteobacteria (Després et al., 
2007; Després et al., 2007; Fierer et al., 2008; Maron et al., 2005; Radosevich et al., 2002). In particular, 
we found that most of the "-Proteobacteria sequences were comamonads (members of order 
Burkholderiales) (Fig. 5), which are a metabolically and phenotypically diverse group of bacteria that is 
relatively common in the atmosphere (Brodie et al., 2007; Fierer et al., 2008). The dominant #-
Proteobacterial taxon, the Moraxellaceae, was highly represented across the nine air samples (Fig. 5) with 
the Psychrobacter spp. being the most abundant genus level group within this family. Interestingly, 
members of the genus Psychrobacter have previously been isolated from various low temperature 
environments, such as Antarctic soils (Bowman et al., 1996), Antarctic sea ice (Bowman et al., 1997; 
Bozal et al., 2003), and Siberian permafrost (Ponder et al., 2005).   
 
 
Bacteria in the atmosphere are distinct from those found in fresh snow   
Previous studies have used snow samples to predict microbial abundances and the number of ice 
nucleating particles of biological and non-biological origin present in the atmosphere (Christner et al., 
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2008; Christner et al., 2008). This approach would seem legitimate as precipitation events are known to 
scavenge and collect particles that eventually get deposited onto the ground (Radke et al., 1980). 
However, the bacterial communities found in the air above SPL appear to be distinct when compared to 
the bacterial communities found in freshly fallen snow (Figs. 5 and 6).  The two snow samples harbored 
distinct bacterial communities, although this variation is likely due to the exposure of sample 4-3.SN to 
intense sunlight for approximately two hours prior to sampling, which may explain the overrepresentation 
of cyanobacterial sequences in this sample. Snow sample 4-7.SN is much more representative of the 
bacterial communities found in the air, although there were still a number of bacterial groups found in this 
snow sample that were not present in any of the air samples (Fig. 5), indicating that freshly fallen snow is 
not truly representative of the microbial life residing in the atmosphere. 
 
Shifts in total IN in response to shifting weather conditions   
While the types and abundances of microorganisms in the air samples were fairly constant over 
time and not strongly influenced by changes in atmospheric conditions, the abundance of ice nucleating 
particles was far more variable, increasing with increases in relative humidity (Fig. 1). Other studies have 
also shown that ice nucleation rates in cirrus and in wave clouds respond positively to increases in 
humidity (Vali, 1996). The ice nuclei counted in this study were counted at temperatures > -10°C, which 
has recently been used as a temperature cutoff to define ice nucleators of biological origin (Christner et 
al., 2008; Christner et al., 2008). The most potent non-biological ice nucleating particles generally initiate 
freezing at temperatures below -10°C (Schaller et al., 1979). Based on these studies, we made the 
assumption that the IN counted via the drop-freeze assay are likely to have been initiated by bacteria, 
fungi, and/or plant pollen.  Throughout our bacterial community analysis, we identified ribosomal DNA 
sequences with homology to the following known ice-nucleating bacteria: P. syringae, P. fluorescens, E. 
herbicola, and Sphingomonas spp. (Fig. 7). However, these bacterial taxa were not common in either our 
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Sanger sequence or pyrosequence datasets. For instance, the Pseudomonadaceae family, which contains 
the most extensively studied ice nucleating species, represented less than 1% of the snow pyrosequences 
and only 3% of the air pyrosequence dataset. However, sequences matching the Psychrobacter genus 
were relatively common in our datasets with similar abundance levels across all nine air samples (Fig. 5). 
Members of this genus have recently been shown to initiate ice nucleation at temperatures as high as -2°C 
(Ponder et al. 2005), which rivals the ice nucleating temperature of the well studied bacterium, P. 
syringae. The phylogeny presented in Fig. 7 illustrates the phylogenetic relatedness between the 16S 
rRNA sequences generated from this current study to 16S rRNA sequences of many of the verified ice 
nucleating bacterial isolates.  
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Fig. 7. Phylogenetic distribution of representative full length Sanger sequences that have similarities to 
the 16S rRNA gene of known ice-nucleating bacteria. Sequences were aligned using the Greengenes 
NAST aligner, and the maximum-likelihood tree was made using RAxML-7.0.4. A Streptomyces 
sequence was used as the outgroup. Each Sanger sequence is represented by its sample ID (see Table 1 
for description). 
 
 
Considering that the abundance of IN was significantly higher in the cloudy air parcels than in 
clear air parcels (Fig. 1), and that the bacterial community composition was well constrained (Fig. 5); it is 
likely that the bacteria responsible for this increase in total IN at SPL are either very rare members of the 
atmospheric microbial community or exhibit variable ice-nucleating capacities. In support of this 
hypothesis, studies of P. syringae and E. herbicola isolates have shown that these bacterial species have 
the potential to increase their ice nucleating activity in response to environmental triggers including 
nutrient deprivation and/or temperature reduction (Fall et al., 1998; Nemecek-Marshall et al., 1993). 
Therefore, non-transient bacteria in the atmosphere may adjust their concentrations of IN proteins when 
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conditions become favorable (i.e. high humidity), thus increasing the ice nucleating potential of these 
bacterial taxa. Alternatively, fungal spores and/or pollen grains may be responsible for the observed 
increase in IN abundance during periods of cloud cover, as they have also been shown to possess high 
temperature ice nucleating capabilities (Kieft et al., 1989; Pouleur et al., 1992).  
 
ACKNOWLEDGEMENTS 
We would like to thank Ian McCubbin, Kelly Baustian, and Eszter Horanyi for their assistance at 
Storm Peak Laboratory. We would also like to thank the Fierer Lab for their helpful input on the 
manuscript and Matt Zelenok, for his assistance with the drop-freeze assays.  This study was supported by 
the CIRES Innovative Research Program. Support was also provided by Steamboat and Resort 
Corporation.  The Desert Research Institute is an equal opportunity service provider and employer and a 
permittee of the Medicine-Bow Routt National Forests.   
 
  
! 
32 
!
CHAPTER 2.  SPATIAL VARIABLITY IN AIRBORNE BACTERIAL COMMUNITIES 
ACROSS LAND-USE TYPES AND THEIR RELATIONSHIP TO THE BACTERIAL 
COMMUNITIES OF POTENTIAL SOURCE ENVIRONMENTS 
 
ABSTRACT 
Although bacteria are ubiquitous in the near-surface atmosphere and they can have important 
effects on human health, airborne bacteria have received relatively little attention and their spatial 
dynamics remain poorly understood. Due to differences in meteorological conditions and the potential 
sources of airborne bacteria, we would expect the atmosphere over different land-use types to harbor 
distinct bacterial communities. To test this hypothesis, we sampled the near-surface atmosphere above 
three distinct land-use types (agricultural fields, suburban areas, and forests) across northern Colorado, 
USA, sampling 5 sites per land-use type. Microbial abundances were stable across land-use types, with 
approximately 105 to 106 bacterial cells m-3 of air, but the concentrations of biological ice nuclei, 
determined using a droplet freezing assay, were on average 2 and 8 times higher in samples from 
agricultural areas than in the other two land-use types. Likewise, the composition of the airborne bacterial 
communities, assessed via barcoded pyrosequencing, was significantly related to land-use type and these 
differences were likely driven by shifts in the sources of bacteria to the atmosphere across the land-uses, 
not local meteorological conditions.  A meta-analysis of previously-published data shows that 
atmospheric bacterial communities differ from those in potential source environments (leaf surfaces and 
soils), and we demonstrate that we may be able to use this information to determine the relative inputs of 
bacteria from these source environments to the atmosphere. This work furthers our understanding of 
bacterial diversity in the atmosphere, the terrestrial controls on this diversity, and potential approaches for 
source tracking of airborne bacteria. 
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INTRODUCTION 
Studies of aerosols in the near-surface atmosphere typically focus on non-biological particles 
despite increasing recognition that biological particles may represent a significant portion of the 
particulates suspended in the atmosphere (Jaenicke, 2005). Of those studies examining biological 
aerosols, most have focused on the quantification and identification of fungal spores, pollens, and dust 
mite allergens (Beggs and Kerr, 2000). Although there is a history of research examining bacterial 
distributions in the near-surface atmosphere (Tong and Lighthart, 1998; Lighthart and Shaffer, 1995; 
Lighthart, 1997), the majority of this work has largely been restricted to surveys of culturable bacteria 
(those bacteria which can readily be grown and isolated under laboratory conditions). Because most 
bacteria cannot be readily cultured (Pace, 1997), the vast majority of airborne bacteria have effectively 
been excluded from these culture-based studies (Amato et al., 2005) and comprehensive surveys of 
airborne bacterial diversity are uncommon. 
Our limited understanding of bacterial diversity in the atmosphere represents a critical knowledge 
gap in atmospheric research given that bacteria are ubiquitous in the atmosphere with concentrations 
ranging between 104 to 108 cells per cubic meter of air (Albrecht et al., 2007; Bauer, et al., 2003; Bowers, 
et al., 2009; Lange, et al., 1997; Fabian et al., 2005). These airborne bacteria may have important impacts 
on human health, serving directly as human pathogens or triggering allergic reactions (Hussman, 1996; 
Schwartz et al., 1995). In addition, bacterial pathogens of agricultural crops and livestock can be 
transported through the atmosphere (Gonzalez et al., 2000; Romantschuk and Bamford, 1986). More 
generally, due to their small size and relatively high concentrations, airborne bacteria are likely to 
represent a significant portion of the PM2.5 aerosol fraction (those aerosols less than 2.5 µm in diameter), 
an aerosol fraction that is commonly the focus of air quality monitoring and remediation efforts 
(Menetrez et al., 2007; Boreson et al., 2004). Although it is often assumed that airborne bacteria are 
merely passive inhabitants of the atmosphere, there is increasing evidence that bacteria have the potential 
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to alter atmospheric processes by serving as ice nucleating particles in the atmosphere (Constantinidou et 
al., 1990; Mohler et al., 2007; Mohler et al., 2008).  
Culture-independent molecular methods, such as ribosomal RNA gene sequencing and/or 
hybridization (i.e. PhyloChip), are becoming the method of choice for describing the total diversity and 
composition of microbial communities in environmental samples. Such methods have been used to survey 
bacterial diversity in the atmosphere (Angenent et al., 2005; Bowers et al., 2009; Brodie et al., 2007; 
Després et al., 2007; Fierer et al., 2008; Maron et al., 2005; Radosevich et al., 2002; Wilson et al., 2002; 
Tong and Lighthart, 2000). However, there are still critical gaps in our understanding of airborne bacterial 
communities, including our limited understanding of the spatial variation in airborne bacterial community 
structure and the factors driving this variation. In particular, we know very little about the potential 
sources of atmospheric bacteria and how changes in land-use or land cover may influence the diversity 
and composition of airborne bacterial communities. 
There are likely two main terrestrial sources of bacteria to the near-surface atmosphere: leaf surfaces 
and soil (dust) (Lighthart and Shaffer, 1994; Lighthart and Shaffer, 1995; Lighthart, 1997; Lindemann 
and Upper, 1985). However, the relative importance of these primary sources is not known, nor do we 
know the extent to which airborne bacterial communities overlap with those bacterial communities found 
in these source environments. It has previously been suggested that airborne bacterial communities are 
similar to those in soil (Brodie et al., 2007), but it is not clear if this finding applies to other near-surface 
atmospheric environments. We might expect land-use type to have a significant influence on the structure 
of airborne bacterial communities (Després et al., 2007; Després et al., 2007) due to shifts in the relative 
importance of these habitats as sources of bacteria to the atmosphere, or due to the specific nature of the 
communities found on leaves and soil. For example, because different plant types harbor distinct bacterial 
communities on their leaf surfaces (Redford et al., 2010) we would expect the types of bacteria 
transported from leaf surfaces to the atmosphere to depend on local vegetation characteristics. Likewise, 
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land-use type may have indirect effects on airborne bacterial community composition due to shifts in 
meteorological conditions, as previous work has demonstrated that the abundance and composition of 
airborne bacteria can be affected by local changes in near-surface atmospheric conditions (Jones and 
Harrison, 2004). 
Here we describe airborne bacterial diversity in the near-surface atmosphere of the Colorado Front 
Range and determine the effects of local weather and land-use type on the abundance, composition and 
ice-nucleating potential of these airborne bacterial communities. We hypothesized that the atmosphere 
harbors unique bacterial communities compared to those found in possible source environments (i.e. soil 
and leaf surfaces), and that land-use type would influence bacterial community structure due to changes in 
the types and relative contributions of these bacterial source environments. To test these hypotheses, we 
analyzed airborne bacterial communities collected from multiple locations within each of the three 
dominant land-use types in the Colorado Front Range using a barcoded pyrosequencing approach 
described previously (Fierer et al., 2010; Hamady et al., 2008; Lauber et al., 2009). We then directly 
compared the composition of these airborne bacterial communities to those found in other previously 
collected outdoor air samples, and to the potential source environments of soil and leaf surfaces.  
 
METHODS 
Bioaerosol collection 
Aerosol samples were collected from three dominant land-use types in the Colorado Front Range: 
agricultural fields, suburban areas and forests. Samples were collected from 5 separate locations per land-
use type distributed across the northern half of the Colorado Front Range (Fig. 1) for a total of 15 
samples. The agricultural sites were located in areas dominated by croplands, and the sampling sites were 
located immediately adjacent to either corn (Zea mays) or barley (Hordeum vulgare) fields. The suburban 
sites varied with respect to the extent of urbanization: sites were located in each of five different 
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population centers from the Denver suburbs north to Fort Collins. The forest sites were in subalpine fir 
(Abies lasiocarpa), Engelmann spruce (Picea engelmannii), and lodgepole pine (Pinus contorta) forests. 
Table 1 contains details on the sampling locations, sampling times, and meteorological conditions at the 
time of sampling. 
 
Figure 1. Map of the locations from which aerosol samples were collected over a two-week time span 
during the end of June to early July, 2009. Symbols indicate land-use type (circles = forest, diamonds = 
suburban, and the upside down triangles = mixed agricultural sites).  Inset graph shows the state of 
Colorado and the surrounding states, with the star representing the sampled region for this study. 
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Air sampling was conducted over a 2-week period during the summer of 2009. We typically 
sampled one site per day from each of the three different land-use types, and rotated the order of 
collection between land-use types to minimize the effect of time of day on our estimates of bacterial 
abundance and community composition (Table 1). Air samples were collected at 2.5 m above ground 
level using vacuum filtration onto 0.22 µm cellulose nitrate filters (Fisher Scientific, Pittsburgh, PA) at a 
flowrate of ~ 30 L minute-1 filter-1 for 1.5 h. The sampling height was consistent across all samples even 
though the canopy height was different for each of the three land-use types. For those sampling sites with 
significant canopy heights (all forest sites and some suburban sites), the sampling equipment was still set 
up at the 2.5 m height, but in a central location that would not be touched if all trees, buildings or other 
standing objects were to fall in the direction of the sampling equipment.  The sample filters used in this 
study were each individually wrapped and contained within a presterilized filter cup. The entire filter cup 
containing the 0.22 µm filter was used as the sampling device and transported in whole (filter cup with 
filter inside and sealed in parafilm) back to the lab.  This apparatus is simple, but due to the limited 
handling of the filter itself, this particular setup drastically reduces any possible contamination during the 
handling and transport processes.  The total volume of air that passed through each filter during each 
sampling period ranged from 0.8 m3 to 1.1 m3 of air. Triplicate filters were collected for each sample, and 
one filter of each triplicate set was used for each of the following assays: total bacterial abundance 
measurements via epifluorescence microscopy, ice nucleation assays, and DNA extraction with the 
subsequent bacterial community analyses.  Blank filters were analyzed alongside sample filters to test for 
contamination and, following extraction and amplification, blank filters were consistently found to be free 
of bacterial contaminants. All filter samples were stored on dry ice during transport from the field to the 
lab, followed by storage at -20°C until the various analyses were performed. Meteorological data (see 
Table 1) were collected during the sampling periods using a portable Vantage Pro 2 Weather Station 
(Davis Instruments, Hayward, CA). 
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Total bacterial abundance measurements and ice nucleation assays 
Aerosol particles were shaken free from the filters in a small Petri dish in 8 ml of HPLC-grade 
water for 2 h at room temperature. Filters were routinely examined under a microscope after this shaking 
process to assure that most visible particles were removed from the filter. The bacterial cells were stained 
with 4’-6’-diamidino-2-phenylindole (DAPI), a DNA binding dye and counted at 1000X magnification 
using a protocol described previously (Bowers et al., 2009).  To the best of our abilities, we counted 
DAPI stained particles between 0.5 and 10 µm in diameter, which is a rough estimate of the size range for 
bacterial cells in the environment. Given that there are likely to be bacterial cells that fall outside this size 
range, as well as small fungal cells that fall within this range, we fully acknowledge that our bacterial 
abundance measurements are only an approximation of the true abundance levels in the near-surface 
atmosphere. All filter samples contained at least 20 cells/field at 1000X magnification in the stock wash 
solution and at least 30 fields/sample were counted.  If there were more than 100 cells/field, the 
appropriate dilutions were made.  Bacterial abundances are reported as the number of cells m-3 of air, 
taking into account the dilution and the volume of air that passed through each filter. For ice nucleation 
assays, particles were removed from the filters using the same protocol described above, except that the 
filters were shaken at 4°C instead of room temperature to minimize warming, which may alter the ice 
nucleating capabilities of bacterial cells (Nemecek-Marshall et al., 1993). Drop-freeze assays were 
performed using a protocol described previously (Bowers et al. 2009), which was modified from a 
protocol described in Vali (1971). All sample drops freezing above -10°C were recorded as containing 
high-temperature ice nuclei and were used to calculate the abundance of ice nuclei in each air sample. 
Throughout this manuscript we use the term high-temperature ice nuclei instead of biological ice nuclei, 
as we could not be absolutely certain that a particle initiating an ice nucleation event was biological. 
However, Christner et al. (2008) did demonstrate that the majority of high-temperature ice nuclei (those 
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particles which nucleate ice above -10°C) in snow samples were of biological origin. Likewise, previous 
work has demonstrated that few, if any, abiotic particles can nucleate ice at temperatures as high as those 
at which specific bacterial species can nucleate ice (Maki et al., 1974; Mohler et al., 2007; Vali et al., 
1976). The relative concentration of high-temperature ice nuclei in each sample was calculated using the 
cumulative nucleus concentration calculation described in Vali (1971).   
 
DNA extraction and PCR amplification  
Bacterial DNA was extracted directly from the filters using the PowerSoil DNA isolation kit 
(MoBio Laboratories, Carlsbad, CA). Individual filters were cut and loaded into the bead tube of the 
DNA extraction kit and heated to 65°C for 10 min followed by 2 min of vortexing.  The remaining steps 
of the DNA extraction were carried out according to the manufacturer’s instructions. Bacterial community 
composition was determined using a recently developed barcoded pyrosequencing procedure, which 
facilitates multiplexed sequencing of partial 16S rRNA genes. The protocol used here is identical to that 
described previously (Bowers et al., 2009; Fierer et al., 2008), including both the PCR conditions and 
primer sequences. Negative controls (both no-template and template from unused filters) were included in 
all steps of the process, from DNA extraction to PCR amplification, in order to check for contamination. 
PCR amplicons from each sample were pooled at approximately equal amounts into a single tube for 
pyrosequencing at the University of South Carolina Environmental Genomics Core Facility on a 454 Life 
Sciences Genome Sequence FLX (Roche) machine.  With this protocol we obtained sequence read 
lengths that averaged 260 bp in length. Previous work has shown that reads of this length over the V2 
region of the 16S rRNA gene region provide sufficient information for accurate phylogenetic clustering of 
bacterial communities (Liu et al., 2008) and accurate taxonomy assignment (to at least the family level of 
taxonomic resolution (Liu et al., 2008).  
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Sequence analysis 
 Sequences were analyzed and processed using the recently developed QIIME package (Caporaso 
et al., 2010). Briefly, the QIIME pipeline takes all sequences from a single pyrosequencing run and 
assigns sample IDs using a mapping file and the barcode assigned to each sample. Sequences were 
removed from the analysis if they were < 200 bp in length, had a quality score of < 25, contained 
ambiguous characters, an uncorrectable barcode, or did not contain the primer sequence. The remaining 
sequences were clustered into phylotypes using CD-HIT (Li et al., 2001; Li et al., 2002; Li and Godzik, 
2006) with a minimum coverage of 99% and a minimum identity of 97%. A representative sequence was 
chosen for each phylotype by selecting the longest sequence that had the highest number of hits to other 
sequences of that particular phylotype. Representative sequences were aligned using PyNAST (Caporaso 
et al., 2010) against the Greengenes coreset (DeSantis et al., 2006). Taxonomy assignments were made 
using the RDP classifier (Wang et al., 2007). A phylogenetic tree containing the aligned sequences was 
then produced using FastTree (Price et al., 2009).  To determine the phylogenetic similarity between 
sample types, the weighted UniFrac metric was used (Lozupone et al., 2007). UniFrac distances are based 
on the fraction of branch length shared between two communities within a phylogenetic tree made from 
the 16S rRNA gene sequences of all bacterial communities being compared.  The UniFrac algorithm 
provides an estimate of the overall phylogenetic similarity between each pair of communities and 
therefore avoids some of the pitfalls associated with taxon-bzased community analyses (Lozupone et al., 
2007). 
We compared the airborne communities found in the Colorado Front Range samples (across land-
use types) to a previously-described dataset of airborne bacterial communities, which was composed of 
samples collected at a high-elevation research site, Storm Peak Laboratory (3220 m) located in northern 
Colorado (Bowers et al., 2009) to determine if these sample sets share similar bacterial taxa. We also 
conducted a meta-analysis combining the 16S rRNA gene sequence datasets of the Front Range and high-
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elevation (Storm Peak Lab) air samples to two separate datasets representing a diversity of soil types 
across North and South America (N = 88) (Lauber et al., 2009), and to leaf-surface samples consisting of 
more than 60 unique tree species (N = 112) (Redford et al., 2010) in order to directly compare the air 
communities to those communities found in potential source environments. For this analysis, QIIME was 
used in a manner similar to that described above with the following modifications. Because different 
fragments of the 16S rRNA gene were sequenced in different studies, the sequences could not be 
clustered directly, so instead of using CD-HIT for phylotype assignment, sequences were assigned to 
phylotypes using BLAST against the Greengenes database (DeSantis et al., 2006) to identify their closest 
matching sequences. This BLAST-based sequence assignment is identical to the method described in 
Hamady et al. (Hamady et al., 2009). Briefly, this method uses the Greenegenes coreset (DeSantis et al., 
2006), which was formatted into a BLAST database using formatdb, and subsequently used for BLAST 
searches of all air sequences, soil and leaf-surface sequences from the studies mentioned above using 
megablast.  The resulting hit tables were parsed to make sample mapping files, where each hit was 
mapped to its closest hit in the formatted Greengenes database. Query sequences that had no hit below an 
e-value threshold of 1e-10 were excluded from the analyses (20,203 of 307,341 or 6% of total sequences 
were removed). The remaining sequences were clustered into phylotypes using a minimum coverage of 
99% and a minimum identity of 97%. Due to unequal sampling efforts (differing number of sequences per 
sample) the dataset was rarefied to 500 sequences per sample to remove sample heterogeneity. Alpha 
diversity was assessed by examining rarefaction curves. A tree containing the same set of sequences from 
the Greengenes core set, available on the Fast UniFrac website 
(http://128.138.212.43/fastunifrac/tutorial.psp#sample_download), was used to assess the phylogenetic 
relationships between the air, soil and leaf-surface datasets. 
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Statistical Analyses 
The variation in total microbial abundance and ice nuclei concentrations across the three land-use 
types was assessed using an ANOVA, followed by post-hoc tests using a Bonferroni adjusted P-value for 
each pair-wise comparison. Relationships between microbial community similarity (determined using 
UniFrac), bacterial abundance, ice nuclei concentrations, and meteorological parameters were 
investigated using Mantel tests as implemented in the PRIMER V6 software package (Clarke et al., 
2001). We also used this software package to conduct permutational MANOVA (PERMANOVA) tests to 
determine if any categories of samples harbored significantly distinct bacterial communities. To create the 
heatmap displayed in Fig. 5, the heatmap function in R (V2.11.0) was used on the relative abundance 
values of the most dominant bacterial phyla and subphyla across the grouped environment types: air, soil 
and leaf-surface. Replicate sample types (air from each of the three land-use types, air from Storm Peak 
Lab, leaf-surface samples from Gymnosperms and Angiosperms, and soils binned by pH), were clustered 
using hierarchical agglomerative clustering generating Euclidean distances between sample types to 
construct the dendrogram. The SIMPER (similarity percentage) function in PRIMER V6 was used to 
identify bacterial taxa indicative and unique to the soil and leaf-surface environments, with the relative 
abundances of these ‘indicator taxa’ subsequently used to determine the relative contribution of each 
source environment to the bacterial communities in the air samples. Briefly, SIMPER determines the 
contribution of each taxonomic category to the average Bray-Curtis dissimilarity between pairs of 
grouped samples (e.g. the different environment types). 
 
RESULTS 
Meteorological conditions 
 Atmospheric conditions during the two-week sampling period were typical of summer-time 
conditions across the Colorado Front Range (Table 1). Meteorological conditions were quite variable 
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across the 15 sampling periods and there was more variability in meteorological conditions between the 
five sampling events within a given land-use type than between land-use types. With the exception of 
barometric pressure (which we would expect to be lower at the higher-elevation forest sites), none of the 
measured meteorological variables (see Table 1) were significantly different between the land-use types 
(ANOVA, Overall P >> 0.05, F << 1.5).  
 
Concentrations of bacteria and high-temperature ice nuclei 
 Mean bacterial abundances ranged from 1.0 x 10 5 to 2.6 x 106 cells m-3 air across the agricultural, 
suburban, and forest locations (Fig. 2). Total bacterial abundances were relatively stable with no 
significant differences between land-use types (ANOVA, Overall P = 0.94, F = 0.07). Similarly, there 
were no statistically significant relationships between bacterial abundances and any of the measured 
meteorological variables listed in Table 1 (r < 0.3 and P  > 0.05 in all cases).  
The concentrations of high-temperature ice nuclei were considerably more variable than the total 
bacterial abundances and were significantly different between the three land-use types (P = 0.05, F = 
3.64) (Fig. 2). The agricultural land-use type had the highest abundance of high-temperature ice nuclei, 
with an average of 36 nuclei m-3 air. The suburban and forested land-use types had far fewer high-
temperature ice nuclei with 18 and 4.5 ice nuclei m-3 air, respectively (Fig. 2). This shift in ice nuclei 
abundances across land-use types did not correlate to any of the measured meteorological variables (r < 
0.3, P > 0.05 in all cases), suggesting that land-use, not the prevailing meteorological conditions at the 
time of sampling, had the strongest influence on near-surface concentrations of high-temperature ice 
nuclei . 
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Figure 2. Left y-axis. ( ) Total bacterial abundance in the collected samples from the Colorado Front 
Range as determined via direct microscopy, and Right y-axis, ( ) total number of high-temperature ice 
nuclei as determined via the drop-freeze assay. Letters above the bars indicate a significant difference at P 
< 0.05. Error bars indicate ± 1 S.E.M. 
 
Composition of airborne bacterial communities across land-use types  
A total of 10,997 partial 16S rRNA gene sequences were generated from the 15 aerosol samples 
for an average of 730 sequences per sample (range of 540 – 930 sequences per sample).  From the 10,997 
sequences, 671 unique phylotypes were identified (with a phylotype defined as those sequences sharing > 
97% identity).  To compare diversity levels between samples and control for differences in sequencing 
depth between samples, we conducted rarefaction analyses with 500 randomly-selected sequences per 
sample. At this depth of coverage, we identified an average of 93 phylotypes per sample (range 63 – 152) 
and found no effect of land-use type (ANOVA, P = 0.27, F = 1.67) on phylotype richness (Fig. 3A), or on 
the overall phylogenetic structure (Fig. 3B) across the collected air samples. Actual richness was not 
estimated since rarefaction analysis revealed that observed richness continually increased as more 
sequences were included. The airborne bacterial communities were all dominated by sequences assigned 
to the Proteobacteria, Actinobacteria, and Firmicutes phyla. Within the Proteobacteria, the 
betaproteobacterial subphylum was most abundant, with this subphylum being almost entirely composed 
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of representatives from the Burkholderiales family of bacteria (92% of the betaproteobacterial 
sequences). 
 
Figure 3. Rarefaction curves of the diversity levels observed across air, soil and leaf-surface habitats. A.  
Phylogenetic diversity estimated by measuring the average total branch length per sample group after a 
set number of individual sequences have been observed (500). B.  Diversity estimated by calculating the 
average number of unique phylotypes per sample type (Agricultural Air, Suburban Air, Forest Air, High 
Elevation Air, Leaf Surface, Soil).!!
 
The shifts in bacterial community composition observed across land-use types are evident if we 
examine the relative abundances of specific bacterial taxa (Fig. 4). For example, the Actinobacteria were 
in greatest abundance from the agricultural and suburban locations (averaging 21% and 24%, 
respectively) than in the forest samples (12%). The relative abundance of Bacteroidetes was higher in the 
air from the suburban land-use (11.4%) than in the agricultural and forest land-use types (6% and 3% 
respectively). Likewise, the forest air had the highest number of Rhizobiales sequences (12%), and the 
suburban land-use had the fewest Rhizobiales sequences (6%). 
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Figure 4. The dominant bacterial phyla and sub-phyla found in air samples collected from across the 
three land-use types of the Colorado Front Range: forest (n = 5), agricultural (n = 5), and suburban (n = 
5). Proteobacterial groups are designated by the Greek symbols ! and ". Error bars indicate ± 1 S.E.M. 
 
None of the measured meteorological characteristics (singly or in combination) were significantly 
related to the observed shifts in bacterial community composition, with pairwise distances between 
communities calculated using the UniFrac algorithm (r < 0.3, P > 0.05 in all cases). Instead, land-use type 
was significantly related to bacterial community structure (Fig. 5a) as confirmed by the PERMANOVA 
analyses (Main Effect, P = 0.001).  Using a Bonferroni corrected P-value of 0.02 to determine 
significance (! = 0.05/ 3 pairwise comparisons), each pair of land-use types harbored significantly 
distinct airborne bacterial communities (P < 0.02). This effect of land-use type on the overall structure of 
bacterial communities is evident in Fig. 5A, where the samples from the different land-use types separate 
with minimal overlap across the first principal coordinate axis. 
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Figure 5. Principal coordinates analysis (PCoA) of the pairwise distances between bacterial communities 
as calculated using the UniFrac algorithm (A to C). A. represents the relationship between the bacterial 
communities of the three dominant land-use types of the Colorado Front Range, and B shows the 
relationship between the bacterial communities from the Colorado Front Range and those collected at 
3200 m elevation at Storm Peak Laboratory. Panel C shows the relationships between the bacterial 
communities found in the three distinct habitats: air, leaf-surfaces, and soil. Filled symbols refer to the air 
samples across land-use type and from Storm Peak lab, and the open symbols correspond to the two 
source environments, leaf-surface and soils. 
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Comparing airborne bacterial communities to those in potential source environments 
The bacterial communities characterized in the land-use samples described above were 
significantly different from those airborne bacterial communities collected at Storm Peak Lab (using 
identical sampling and analytical procedures) in winter-like conditions during the early spring of 2008 
(Bowers et al., 2009) (Fig. 5B, P < 0.001). The main taxa driving these differences were the 
Actinobacteria (20% in land-use air samples and 3% of the Storm Peak Lab samples) and Firmicutes 
(17% in land-use air samples and 1.5% of the Storm Peak Lab samples), and the Pseudomonadales family 
(1.7 % across land-use air samples and 26% of the Storm Peak Lab air samples). The majority of the 
pseudomonads in the Storm Peak Lab samples were related to cold-adapted bacteria such as the 
Psychrobacter genus, and these same cold-adapted organisms were entirely absent from the land-use 
samples collected in the summer.  
If we compare all of the airborne bacterial communities (both those described in this study and 
those from the Storm Peak Lab study (Bowers et al., 2009) to those communities found in potential 
source environments, we find that the air communities are relatively similar to one another and quite 
distinct from those bacterial communities found on leaves and in soil (Fig. 5C). The observed phylotype 
richness and phylogenetic diversity was far lower in the air samples and leaf-surface samples compared to 
the soil samples, as evidenced by the corresponding rarefaction curves (Fig. 3A and B). The specific taxa 
driving the differences in community composition from the three environments (air, leaves, and soil) are 
shown in Fig. 6. Although each of these three environments harbor significantly distinct bacterial 
communities (PERMANOVA P < 0.001), the hierarchical clustering at the top of Fig. 6 implies that the 
leaf-surface is more similar to the air samples than the air samples are to the soil samples, a pattern likely 
driven by the very low abundance of Acidobacteria in air and on leaves compared to the high relative 
abundance of Acidobacteria in most soil environments (Lauber et al., 2009). Also of note is the high 
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relative abundance of Gammaproteobacteria sequences on the leaf surfaces and in the air samples from 
both the forest land-use type and from the Storm Peak Lab samples (Fig. 6).  
 
Figure 6. Heatmap displaying the relative abundances across a wide range of air, leaf-surface, and soil 
samples. Soil samples were binned into six different pH categories. Leaf-surface samples were split into 
gymnosperms and angiosperms, and the air samples are represented by the Storm Peak samples collected 
at the Storm Peak research facility (3200 m above sea level), and the air samples of the three dominant 
land-use types of the Colorado Front Range:  forest, agricultural and suburban sample types. These three 
ecosystem level groups: air, leaf-surface and soils are designated as blue, green, and brown on the color 
bar, respectively. Environments are clustered based on the percent relative abundance of the nine phylum 
to subphylum level classifications shown as rows in this figure.  Each row was scaled so that the mean of 
each taxonomic group across sample types was calculated and colored by each cell’s corresponding z-
score. The heatmap was made with R version 2.11.0 using the heatmap function. 
 
! 
51 
!
 We compared the relative abundances of those taxa indicative of either the soil or leaf surface 
environments across the 15 collected aerosol samples in order to estimate the relative contribution of 
these source environments to the bacteria found in the air samples collected from across the land-use 
types. The bacterial taxa identified as being indicative of the soil or leaf-surface environments and their 
relative abundances in the land-use air samples (forest, agricultural and suburban) are shown in Fig. 7, 
and the same indicator taxa from the leaf and soil environments are shown as the inset graph in Fig. 7. 
The airborne communities from the forest sites had the highest relative abundance of taxa indicative of 
soil while those airborne communities collected from the suburban land-use type had the highest relative 
abundance of taxa indicative of leaf surface bacteria. 
 
Figure 7. Percent relative abundance of airborne bacterial taxa across the three land-use types that were 
designated as indicator taxa from soil and leaf-surface environments.  Inset. The indicator taxa derived 
from soil and leaf surface environments and their percent relative abundances.
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DISCUSSION 
The concentrations of bacteria in the collected samples were relatively constant and did not 
change in a predictable manner with changes in meteorological conditions or land-use type. However, the 
concentrations measured here are similar to the ranges reported from other near-surface air samples where 
similar culture-independent methods were employed (Bowers et al., 2009; Fabian et al., 2005; Matthias-
Maser et al., 2000).  One might expect there to be differences in airborne bacterial concentrations across 
diverse land-use types as some studies have shown very high bacterial concentrations in and around 
agricultural areas (Albrecht et al., 2007; Lange et al., 1997). However, these studies were conducted near 
likely point sources, such as a compost facility (Albrecht et al., 2007) and a pig farm (Lange et al., 1997), 
whereas our goal was to estimate the ambient bacterial abundances from sites that were not necessarily 
adjacent to biological point sources. We also hypothesized that changing meteorological conditions would 
lead to predictable shifts in microbial abundances (Jones and Harrison, 2004): however, we observed no 
significant relationships between meteorological variables and bacterial abundances. Supporting our 
observations, Matthias-Maser et al. (Matthias-Maser et al., 2000) demonstrated that only larger 
bioparticles (i.e. fungal spores, pollen, and plant debris) exhibit significant shifts in abundance with 
changes in atmospheric conditions, and that concentrations of smaller particles (ie. bacteria. 2 µm > r > 
0.2 µm) exhibit minimal variation. Although we might observe more variability in bacterial abundances if 
sampling over a longer time period, our results suggest that there is minimal short-term variability in 
bacterial concentrations in the near-surface atmosphere related to differences in meteorological conditions 
or land-use characteristics. 
In contrast to the near-constant concentrations of total bacterial cells, land-use type did have a 
significant effect on the total number of high-temperature ice nuclei (those nuclei which freeze > -10°C). 
The concentration of ice nuclei in the agricultural air samples was, on average, 2 and 8 times higher than 
in the air samples collected from the suburban and forest land-use types, respectively (Fig. 2). Based on 
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previous work (Christner et al., 2008), we tentatively assume that the majority of these high temperature 
ice nuclei represent intact microbial cells. If this is true, it is interesting to note that the majority of known 
ice-nucleating bacterial species have been isolated from annual plant species, including many of our most 
common agricultural crop species (O'Brien and Lindow, 1988; Lindow et al., 1978). Furthermore, 
Lindow et al. (1978) demonstrated that coniferous tree species possess relatively few ice nuclei active 
bacteria. This difference in plant-associated ice-nucleating bacteria may explain why our forested sites 
(dominated by conifers) had lower concentrations of ice nuclei than the other two land-use types.  
The airborne bacterial communities sampled from the Colorado Front Range are qualitatively 
similar to those identified from other surface-level air surveys (Bowers et al., 2009; Després et al., 2007; 
Després et al., 2007; Fierer et al., 2008; Radosevich et al., 2002), as much of the bacterial community was 
dominated by Actinobacteria, Firmicutes, Betaproteobacteria and Gammaproteobacteria. We also note 
the overall similarity between the bacterial communities in the air samples collected from the Colorado 
Front Range with those collected from a high elevation site during early spring when the surrounding 
land-surface was largely snow covered (Fig. 5B).  The airborne communities are not identical, but they do 
share similar dominant taxa, and the air communities are far more similar to one another than they are to 
bacterial communities of the other terrestrial habitats (and possible source environments) (Fig. 5C).  
The air bacterial communities surveyed here were not panmictic as the atmosphere over the 
different land-use types harbored bacterial communities that were significantly different from one another 
(Fig. 5A). This subtle, yet significant effect of land-use type on the airborne bacterial community 
composition suggests that local terrestrial environments are a likely source for at least a portion of the 
near-surface atmospheric community. However, the similarity between the spatially and seasonally 
separated air samples used in this inter-habitat analysis (land-use samples and high-elevation samples) 
also indicates that a fraction of the airborne community may be ubiquitously distributed throughout the 
near-surface atmosphere (Fig. 5C).  
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Using indicator taxa analysis, we identified taxa largely responsible for the separation of the soil 
and leaf-surface communities (Fig. 5C and Fig. 7, inset), and then used these indicator taxa to determine 
the relative importance of these potential environments as sources of bacteria to the atmosphere across the 
three Colorado Front Range land-use types. Of the indicator taxa representing either soil or leaf-surface 
environments (Fig. 7, inset), the Rhizobiales soil indicator, and Sphingobacteria leaf-surface indicator 
were the two most prevalent bacterial groups found in the air samples across land-use types (Fig. 7). 
Forest and agricultural sites had more of a soil signature, while the suburban sites were slightly more 
enriched with taxa indicative of the leaf-surface habitat (Fig. 7). The high soil influence and relatively low 
leaf-surface influence on the airborne forest communities was a somewhat surprising outcome. However, 
this pattern may be a result of the relatively low leaf biomass (and leaf-associated microbial biomass) in 
these forests, and/or a result of sampling below the forest canopy. However, regardless of location, the 
overall structure of the communities found in the air are distinct from those found in soil or on leaves (as 
evidenced from Fig. 5C), and this is likely the result of the air communities being a mixture of bacteria 
from soils and leaves and/or certain taxa from these source environments not being able to survive or 
remain intact in the atmosphere. Additional research will be needed to determine the generality and 
accuracy of this approach as we have no way to independently confirm these findings. Future work will 
need to integrate molecular surveys of airborne communities with atmospheric chemical transport models 
across more extensive sample sets in order to more confidently determine bacterial sources and map their 
atmospheric trajectories over extended time periods. However, just as we can use bacterial taxa indicative 
of animal feces to track fecal contamination of bodies of water (Abdelzaher et al., 2010; Brownell et al., 
2007; Wery et al., 2010) or use bacterial communities on the hands of different individuals to identify 
touched objects (Fierer et al., 2010), we may be able to use bacterial taxa indicative of possible source 
environments to identify and compare inputs of bacteria to the atmosphere. 
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CONCLUSION 
The bacterial communities of the near-surface atmosphere across the Colorado Front Range 
differed across the three distinct land-use types. These differences could not be predicted from the 
prevailing meteorological conditions, suggesting that the characteristics of the local terrestrial surfaces 
(e.g. vegetation cover, land management, amount of bare soil) have a greater influence on airborne 
community composition than local atmospheric conditions. These patterns were further investigated using 
a bacterial ‘source tracking’ analysis, to identify possible differences in the relative importance of soils 
and leaf surfaces as sources of atmospheric bacteria. Although the atmosphere is a unique microbial 
habitat that harbors bacterial communities that are fundamentally distinct from those found in soil and on 
leaf surfaces, we demonstrate that the differences in airborne bacterial communities above the different 
land-use types were likely due, in part, to differences in the relative contributions of bacteria from specific 
source habitats.  
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CHAPTER 3.  SOURCES OF BACTERIA IN OUTDOOR AIR ACROSS CITIES IN THE 
MIDWESTERN UNITED STATES 
 
ABSTRACT 
Bacteria are abundant in the atmosphere where they often represent a major portion of the organic 
aerosols. Potential pathogens of plants and livestock are commonly dispersed through the atmosphere and 
airborne bacteria can have important effects on human health as pathogens or triggers of allergenic 
asthma and seasonal allergies. Despite their importance, the diversity and biogeography of airborne 
microorganisms remain poorly understood. We used high-throughput pyrosequencing to analyze bacterial 
communities present in the PM2.5 aerosol fraction (fine particulate matter ! 2.5µm) from 96 near-surface 
atmospheric samples collected from cities throughout the midwestern U.S. and found that the 
communities are surprisingly diverse and strongly affected by season. We also directly compared the 
airborne communities to those communities found in hundreds of samples representing potential source 
environments. We show that, in addition to the more predictable sources (soils and leaf surfaces), fecal 
material, most likely dog feces, often represents an unexpected source of bacteria to the atmosphere at the 
more urbanized locations during the winter. Airborne bacteria are clearly an important, but under-studied, 
component of air quality that needs to be better integrated into efforts to measure and model pollutants in 
the atmosphere.   
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INTRODUCTION 
Scientists have long known that bacteria are ubiquitous in the atmosphere. Bacterial 
concentrations typically range from 104 to 106 cells m-3 (Lighthart et al., 2000), though concentrations 
may be far higher in proximity to point sources such as compost facilities, feedlots, and wastewater 
treatment facilities (Albrecht et al., 2007; Lange et al., 1997; Rinsoz et al., 2008). Recent evidence 
suggests that, even in some relatively unpolluted locations, bacteria or portions of bacteria may represent 
a major portion of the organic aerosols residing in the atmosphere (Jaenicke, 2005; Wiedinmyer et al., 
2009). Airborne bacteria can have important effects on human health and the productivity of managed and 
natural ecosystems. For example, bacteria can cause allergenic asthma and seasonal allergies, diseases 
which are increasingly prevalent in developed nations (D'Amato, 2002) with allergenic asthma currently 
affecting more than 34 million people in the United States (American Lung Association, 2007). Likewise, 
important plant and livestock pathogens are dispersed through the atmosphere (Hirano et al., 1983; Pillai 
et al., 2002) and there is some evidence that bacteria may be capable of influencing atmospheric processes 
by initiating cloud condensation and ice nucleation events, potentially altering precipitation patterns 
(Christner et al., 2008; Mohler et al., 2007). Despite their abundance and likely importance, we have a 
limited understanding of the quantities and types of bacteria found in the atmosphere (Womack et al., 
2010). With recent advances in high-throughput sequencing, we can now describe the dynamics of 
airborne bacterial populations (Bowers et al., 2009; Brodie et al., 2007) and determine likely sources of 
bacteria to the atmosphere (Bowers et al., 2010), building a more comprehensive understanding of those 
bacteria found in the atmosphere and the controls on their populations. 
With the current study, we describe bacterial abundances and community composition in the 
near-surface atmosphere from four locations in the Great Lakes region of the U.S. during the winter and 
summer seasons. PM2.5 samples (particulate matter with an aerodynamic diameter less than 2.5 µm) were 
collected at all locations, as our goal was to capture respirable fine particles, including bacteria, that 
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residents in these areas would be exposed to via inhalation when outside their homes. Bacterial 
populations in each of the 96 collected samples were analyzed using a 16S rRNA-based barcoded 
pyrosequencing procedure described previously (Bowers et al., 2009; Bowers et al., 2010; Fierer et al., 
2008). To complement these analyses of relative bacterial abundances in each sample, absolute bacterial 
abundances were determined via flow cytometry.  
 
METHODS 
Sample Collection   
 Air samples were collected from four locations in the midwestern U.S: one small town (Mayville, 
WI population = 5,200) and three cities with metropolitan populations > 2 million people (Chicago, 
Cleveland and Detroit) (see Fig. 1 and Table 1 for additional details). The air sampled at each city was 
collected at a single centralized location (See Table 1 for geographic coordinates of each sampling site).  
The sampling campaigns spanned approximately 6 weeks in mid-summer 2007, and 6 weeks in mid-
winter 2007. Approximately 20 – 30 samples were collected per location and each collection period lasted 
three days. The site in Mayville was located in a residential area surrounded by corn fields. The other 
three sites were located in urban corridors, with the Chicago and Detroit sites being in mixed 
industrial/residential areas and the Cleveland site being located downtown and adjacent to a major 
interstate. Samples were collected onto quartz fiber filters (Whatman, Maidstone, England) mounted 
inside of identical high volume aerosol samplers at each site. Samplers were installed at existing air 
monitoring sites and therefore samples were collected at ~1.5 m height at Mayville and Detroit and ~4 m 
height at Chicago and Cleveland. The samplers draw ambient air at nominally 1.13 m3/min, leading to 
~5000 m3 of air collected per filter/sample. These samplers employed a two-filter assembly to allow for 
collection of PM2.5. The top slotted filter collected coarse particles. The bottom 20.3 cm x 25.4 cm filter, 
which were the ones analyzed in this work, collected the PM2.5. The filters were pre-baked in an oven at 
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550oC for 12 hours prior to sampling. Baked filters were stored in a sealed box until loaded into the filter 
holder. The filter holder was cleaned with isopropanol before loading a new filter. Blank samples were 
collected by letting a filter sit inside the unit, while it was not operating, for 2 min. All filter samples and 
blanks were stored frozen at -20°C until downstream analyses could be performed. All samples were 
analyzed individually (i.e. samples were not composited prior to analysis) yielding a total of 96 air 
samples analyzed for both bacterial concentrations and community composition. 
Meteorological data presented in Table 1 were downloaded from the NOAA National Weather 
Service website (http://www.crh.noaa.gov) for each of three metropolitan cities (Chicago, Detroit and 
Cleveland) and the nearest weather station measurements for Mayville WI were taken from Milwaukee 
WI, approximately 88 kilometers southeast of Mayville.  
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Figure 1. Map of the locations from which aerosol samples were collected over approximately a five 
week time span during summer and winter seasons, 2007. Symbols indicate the four cities surveyed in 
this study (  = Mayville,  = Chicago, IL,  = Detroit, MI, and = Cleveland, OH).  Inset is an 
expanded view of the Midwest region, U.S.A. 
 
Total bacterial abundance measurements via flow cytometry  
Filter punches, 5 cm2 in size, were taken from each sample filter (400.5 cm2 total filter size) and 
used for the determination of bacterial abundances using a Cyan ADP flow cytometer (Beckman-Coulter, 
Fullerton CA). Particles (including bacteria) were removed from the filter punches by shaking the filters 
at 220 rev min-1 in 10 ml HPLC-grade water for 2 h at room temperature inside a sterile petri plate. Prior 
to analyses with the flow cytometer, cells were stained with 4’-6’-diamidino-2-phenyl-indole (DAPI) at a 
final working concentration of 2 µg/ml DAPI in HPLC-grade water and each sample tube was spiked with 
25 µl fluorescent beads (stock concentration 1000 µl-1). Bacteria were counted using the side scatter (log) 
vs. violet (log) (450 nm) scatter plot and beads were counted using the forward scatter (log) vs. FITC 
(log) (530 nm) scatter plot. Both plots can clearly distinguish DAPI labeled cells from fluorescent beads 
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as the multi-fluorophore containing beads had an approximately ten-fold increase in fluorescence in the 
violet channel, an increase in both forward and side scatter as the 10 µm beads were significantly larger 
than the majority of the aerosolized bacteria, and bead fluorescence at higher wavelengths such as in the 
FITC channel (530 nm) where the DAPI stained cells will not fluoresce. Considering environmental 
aerosol samples are a heterogeneous mixture of non-biological and biological aerosol particles, the 
background fluorescence was set at 5 fluorescence units in the violet channel (where DAPI fluoresces) for 
all samples to allow consistent sample to sample comparisons. Particles with fluorescence above this 
threshold were counted and considered to be intact cells. The total number of cells m-3 of air was 
calculated by considering the bead count efficiency, the dilution factor and the volume of air that had 
passed through each filter. HPLC-grade water blanks stained with DAPI were used as negative controls to 
assess reagent contamination, and field filter blanks were analyzed to assess potential human 
contamination during sampling procedures. Scatter plots were generated in Summit V4.3 software (Dako, 
Carpinteria CA) where counts were then exported to a spreadsheet for further statistical analyses.  
 
DNA extraction and PCR amplification  
Bacterial DNA was extracted directly from a second filter punch using the PowerSoil DNA 
isolation kit (MoBio Laboratories, Carlsbad, CA). Individual filter punches were cut into small pieces 
with sterile technique, loaded into the bead tube of the DNA extraction kit and heated to 65°C for 10 min 
followed by 2 min of vortexing. The remaining steps of the DNA extraction were performed according to 
the manufacturer’s instructions. Bacterial community composition was determined using a barcoded 
pyrosequencing procedure, which facilitates multiplexed sequencing of partial 16S rRNA genes. The 
protocol used here is identical to that described previously (Bowers et al., 2009; Bowers et al., 2010; 
Fierer et al., 2008), including both the PCR conditions and primer sequences. Negative controls (both no-
template and template from blank filters) were included in all steps of the process from DNA extraction to 
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PCR amplification to check for contamination. PCR amplicons from each sample were pooled at 
approximately equal amounts into a single tube and sent to the University of South Carolina 
Environmental Genomics Core Facility on a 454 Life Sciences Genome Sequence FLX (Roche, Florence, 
SC) for pyrosequencing. With this protocol we obtained sequence read lengths that averaged 330 bp in 
length. Previous work has shown that reads of this length over the V2 region of the 16S rRNA gene 
region provide sufficient information for accurate phylogenetic clustering of bacterial communities (Liu 
et al., 2008) and accurate taxonomy assignment to at least the family level of taxonomic resolution (Liu et 
al., 2008).  
 
Sequence analysis  
Sequences were analyzed and processed using the QIIME package (Caporaso et al., 2010). 
Briefly, QIIME takes all sequences from a single pyrosequencing run and assigns sample IDs using a 
mapping file and the barcode assigned to each sample. Sequences were removed from the analysis if they 
were < 200 bp in length, had a quality score of < 25, contained ambiguous characters, an uncorrectable 
barcode, or did not contain the primer sequence. The remaining sequences were clustered into phylotypes 
using UCLUST v1.2.21q (Edgar, 2010) with a minimum coverage of 99% and a minimum identity of 
97%. A representative sequence was chosen for each phylotype by selecting the longest sequence that had 
the highest number of hits to other sequences of that particular phylotype. Representative sequences were 
aligned using PyNAST (Caporaso et al., 2010) against the Greengenes coreset (DeSantis et al., 2006). 
Taxonomy assignments were made using the RDP classifier (Wang et al., 2007). A phylogenetic tree 
containing the aligned sequences was then produced using FastTree (Price et al., 2009). To determine the 
phylogenetic similarity between sample types, the unweighted UniFrac metric was used (Lozupone et al., 
2007). UniFrac distances are based on the fraction of branch length shared between two communities 
within a phylogenetic tree made from the 16S rRNA gene sequences of all bacterial communities being 
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compared. The UniFrac algorithm provides an estimate of the overall phylogenetic similarity between 
each pair of communities and therefore avoids some of the pitfalls associated with taxon-based 
community analyses (Lozupone et al., 2007). 
 
Analysis of communities from likely source environments  
To gain a better understanding of the relationship between the midwestern airborne bacterial 
communities to those communities from likely source environments, we compared the airborne 
communities to previously described 16S rRNA gene sequence datasets representing a diversity of soil 
types across North and South America (N = 88) (Lauber et al., 2009), leaf-surfaces spanning more than 
60 unique tree species (N = 112) (Redford et al., 2010), and fecal communities from cows (N = 6) (Durso 
et al., 2010), humans (N = 45) (Costello et al., 2009) and dogs (N = 156). We also compared the 
midwestern communities to previously documented airborne communities collected at a high-elevation 
research site  (Bowers et al., 2009), and to air samples collected from each of the three dominant land-use 
types of the Colorado Front Range (forests, agricultural fields and suburban locations) (Bowers et al., 
2010). For this analysis, QIIME was used in a similar manner to that described above with the following 
modifications. Because different fragments of the 16S gene were sequenced in different studies (E. coli 
position 799 – 1115 corresponds to the leaf-surface samples whereas the E. coli 16S region 27 – 338 was 
sequenced for all other sample types) the sequences could not be clustered directly, so instead of using the 
default UCLUST algorithm for phylotype assignment, a reference based UCLUST phylotype assignment 
was performed based off the Greengenes coreset (DeSantis et al., 2006). Due to unequal sampling efforts 
(differing number of sequences per sample) the dataset was rarefied to 500 sequences per sample to 
remove sample heterogeneity. Alpha diversity was assessed by examining rarefaction curves, and a tree 
containing the same set of sequences from the Greengenes coreset, available on the Fast UniFrac Website 
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(http://128.138.212.43/fastunifrac/tutorial.psp#sample_download), was used to assess the phylogenetic 
relationship between the air, soil, leaf-surface and fecal datasets. 
 
Statistical Analyses  
The analysis of similarities (ANOSIM) function in PRIMER V6 (Clarke et al., 2001) was used on 
the unweighted UniFrac distance matrix to determine whether any categories of samples contained 
significantly different bacterial communities. Relationships between bacterial community similarity 
(determined using UniFrac), bacterial abundances and meteorological parameters were investigated using 
Mantel tests as implemented in the PRIMER V6 software package (Clarke et al., 2001). The SIMPER 
(similarity percentage) function in PRIMER V6 was used to identify bacterial taxa indicative and unique 
to the soil, leaf-surface and fecal environments, with the relative abundances of these ‘indicator taxa’ 
subsequently used to determine the relative contribution of each source environment to the bacterial 
communities in the air samples. Briefly, SIMPER determines the contribution of each taxonomic category 
to the average Bray-Curtis dissimilarity between pairs of grouped samples (e.g. the different environment 
types). The ternary plot in Fig. 8A was made in Sigma Plot 8.02 where the indicator taxa were fit to an 
XYZ coordinate system with each corner of the triangle representing a specific source environment. To 
create the heatmap displayed in Fig. 4, the heatmap function in R (V2.11.0) was used. The variation in 
bacterial abundances over the two seasons and across the four Midwest cities was assessed with an 
ANOVA followed by pairwise comparisons. 
 
RESULTS AND DISCUSSION 
We found that the near-surface atmosphere harbors diverse bacterial communities (Fig. 2), and 
individual samples contain ~200-300 phylotypes spanning seven bacterial phyla (Fig. 3A). These results 
contrast sharply with results obtained via culture-based analyses, which have long been the standard 
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approach for studying airborne bacterial communities. Most culture-based analyses of atmospheric 
samples recover far fewer taxa, and the most commonly cultured airborne bacterial taxa are Gram-
positive spore-forming bacteria (Lighthart, 1997) that we found to be relatively rare members of the 
airborne bacterial communities (Figs. 3 and 4). Although this ‘culturing bias’ has been reported 
previously in many environments (Pace, 1997), studies that still rely on cultivation of airborne bacteria 
(including studies seeking potential allergens) will undoubtedly overlook dominant members of the 
airborne bacterial community.  
  
Figure 2. Rarefaction curves at the 97% sequence similarity level grouped by city (A) and season (B).  
Error bars represent + 1 s.e.m. 
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Figure 3. Most abundant bacterial groups identified using barcoded pyrosequencing at the phylum level 
(A) and at the order level (B). Proteobacterial groups are designated by the symbols !, ", #, and $ for the 
Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, Deltaproteobacteria respectively.
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 Samples collected from the four different locations did harbor distinct airborne bacterial 
communities, however this association was relatively weak (Fig. 5A, ANOSIM Global R = 0.14, P < 
0.001).  When we examined summer and winter data separately, community composition was still weakly 
correlated with location during the summer sampling period (ANOSIM Global R = 0.23, P < 0.001). 
However, bacterial communities from the winter sampling period exhibited more predictable shifts 
between the four surveyed cities (ANOSIM Global R = 0.43, P < 0.001). Within a given season, there 
were no significant correlations between measured meteorological conditions (Table 1) and bacterial 
community structure either within individual sites (r < 0.2, P > 0.1 for each measured meteorological 
condition) or across all sites (r < 0.2, P > 0.1in all cases). Other studies have also observed significant 
variability in bacterial community composition over time at individual locations (Bowers et al., 2009; 
Brodie et al., 2007; Fierer et al., 2008), indicating that the dynamics of bacterial populations in the near-
surface atmosphere are complex and likely influenced by factors (including emission rates from source 
environments and surface deposition rates of the airborne bacteria) that are difficult to predict from 
simple meteorological parameters alone. 
 Strong seasonal patterns were observed in both bacterial community composition (Fig. 5B, 
ANOSIM Global R = 0.47, P < 0.001) and abundance with bacterial concentrations 52% lower, on 
average, in the winter than in the summer samples (Fig. 6). The summertime bacterial communities were 
dominated by taxa that prior culture-independent studies have also shown are common inhabitants of the 
atmosphere: including Pseudomonadales, Burkholderiales, Rhizobiales and Sphingomonadales  (Bowers 
et al., 2009; Bowers et al., 2010). In most continental locations, soils (dust) and leaf surfaces are believed 
to be the dominant sources of bacteria in the near-surface atmosphere (Brodie et al., 2007; Lindemann et 
al., 1982), and this is likely true for the summer samples analyzed here as determined by directly 
comparing the air bacterial communities to previously-analyzed communities from soils (Lauber et al., 
2009) and leaf surfaces (Redford et al., 2010) (Figs. 7A and 8). This finding differs from patterns 
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observed in more arid regions (Brodie et al., 2007), where reduced plant cover and lower soil moisture 
levels (which increase dust flux) lead to airborne bacterial communities almost entirely derived from soil. 
Also of note was the high relative abundance of the Sphingomonadales in our summer samples (Fig. 3B). 
While this group did not make it into our source tracking analysis (the Sphinogomonadales were not an 
abundant group in the phyllosphere study used in our current meta-analysis, (Redford et al., 2010)), this 
particular group is known from other studies to be a common inhabitant of leaves (Kim et al., 1998; 
Murakami et al., 2010), supporting our hypothesis that leaves are an important source of bacteria to the 
atmosphere during the summer months. The nearby freshwater communities of the Great Lakes are 
another possible source of bacteria to the atmosphere in the summer months. However, freshwater 
systems contain few of the taxa found in our samples, so lake waters are not likely to be a dominant 
source of bacteria in either our summer or winter air samples. In particular, freshwater bacterial 
communities are typically dominated by Actinobacteria (non-human associated), Cyanobacteria, 
Verrucomicrobia and Bacteroidetes (non-gut associated, e.g., the Sphingobacteriales and 
Flavobacteriales) (Humbert et al., 2009; Zwart et al., 2002), that were rare in our samples except for 
Actinobacteria, which appear to be more cosmopolitan across environments (Fig. 3A). Taken together, 
these results suggest that summer air bacterial communities are likely derived from both soil and leaf 
sources, and that the harsh environmental conditions found in the atmosphere select for airborne 
communities that differ substantially from those found in other environments, a result consistent with 
previous studies (Bowers et al., 2009; Bowers et al., 2010). 
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Figure 5. Relationships between bacterial communities in samples from the four locations (A) and across 
summer and winter seasons (B). Bacterial communities were clustered using PCoA of the unweighted 
UniFrac distance matrix with symbols that are closer together indicating air samples with more 
phylogenetically similar bacterial communities. 
 
During the midwestern winter, the factors affecting airborne bacterial communities and 
concentrations are likely to be very different. Rates of bacterial aerosolization from plant, soil and water 
sources are probably far lower: most plants are leafless, water bodies may be frozen, and the frozen or 
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snow-covered ground likely reduces the flux of dust to the atmosphere. These factors may explain the 
reduced bacterial concentrations observed in air samples collected during the winter (Fig. 6). The 
composition of the bacterial communities found in winter air samples also differed dramatically from 
those found in the summer samples (Fig. 5B). Many of the winter samples were dominated by bacterial 
taxa, including Bacteroidiales, Clostridiales and Fusobacteria, that were rare in previous molecular 
surveys of airborne bacteria (Bowers et al., 2009; Bowers et al., 2010). Because these bacterial taxa are 
common inhabitants of the mammalian gut (Ley et al., 2008), we conducted a more detailed source 
tracking analysis to directly compare the airborne bacterial communities to bacterial communities found 
in fecal matter collected from humans (N = 45), cows (N = 6) and dogs (N = 156) (Fig. 7). This analysis 
suggests that dog feces are likely the dominant source of aerosolized bacteria in the winter months in 
Cleveland, Detroit, and to a lesser extent, Chicago (Fig. 7B and Fig. 4). This is primarily evident from the 
high abundances of fusobacterial taxa that are very common in the guts of dogs (Middelbos et al., 2010, 
Fig. 4) and, to a lesser extent other carnivores including house cats (Ley et al. 2008; Zhang et al. 2010; 
Ritchie et al. 2008), but nearly absent from humans, cows, horses, chickens and pigs (Ley et al., 2008; 
Lee et al., 2010).   
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Figure 6. Total bacterial abundances present in the air samples collected from one small town (Mayville, 
WI) and three metropolitan cities (Chicago IL, Detroit MI, Cleveland OH) of the midwestern, U.S. during 
the summer and winter seasons. The asterisk denotes a significant difference at P < 0.05 between summer 
and winter samples. Error bars indicate + 1 standard deviation. 
 
Our results point to feces, and dog feces in particular, as a dominant source of bacteria in the 
outdoor air in the metropolitan areas sampled here, particularly Cleveland and Detroit (Fig. 4). Several 
additional lines of evidence support this conclusion. First, the dominance of common mammalian gut-
associated bacteria in many of the winter air samples is striking, and these bacteria are very rare in other 
environments from which bacteria may be aerosolized, including soils, leaves, and lake waters (Figs. 4 
and 7). Although there are sewage treatment facilities located within a 10-mile radius of the Chicago, 
Detroit and Cleveland sampling locations that may emit fecal bacteria to the atmosphere, sewage 
treatment facilities typically harbor very low abundances of Fusobacteria (Bibby et al., 2010). Second, 
most of the dominant taxa in the winter samples (including Bacteroidiales, Clostridiales and 
Fusobacteria, Fig. 8B) are obligate anaerobes, suggesting that they are unlikely to be derived from a wide 
range of source environments. Third, dog feces are likely abundant in these areas (dog populations are 
typically 37% of human populations in the U.S. (American Veterinary Medical Association, 1997)), and a 
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large proportion of dog feces is likely to be deposited outside where it could be aerosolized over time 
(particularly in Detroit where recent reports suggest that there are > 10,000 stray dogs within the city 
limits, (Christoff et al., 2011)). In the summer months, the fecal-associated bacteria are still present in the 
air samples (Fig. 8) but they are far less abundant as other bacterial sources (particularly leaves and soil) 
become relatively more important. Clearly, further investigation is required to understand the importance 
of dog fecal matter as a source of bacteria to the near-surface atmosphere in metropolitan areas. Future 
work is also required to test whether our finding that dog feces represents an important source of airborne 
bacteria in metropolitan areas is relevant to the health of individuals in these areas. We did not 
specifically test for human pathogens in our samples, and it is unknown whether these fecal bacteria are 
capable of triggering allergies or asthmatic reactions.  
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Figure 7. Relationships between the summer and winter air samples (maroon and blue, respectively) to 
those samples collected from a variety of possible source environments including soils, leaf-surfaces and 
various animal fecal samples. Communities were clustered using PCoA of the unweighted UniFrac 
distance matrix from a combined sequence dataset of approximately 630,000 sequences. (A) Midwest air 
samples alongside all three potential source environments (soil, leaf-surface and fecal). (Inset) The same 
PCoA plot rotated along the first and third principle coordinate axes. (B) The phylogenetic similarity 
between the Midwest airborne bacterial communities to the communities of various fecal samples, 
including dog feces.  
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Figure 8. Relative contributions of bacteria from likely source environments: soils, leaf-surfaces and 
animal feces. (A) Ternary plot representing the relative abundances of the indicator taxa in the midwest 
air samples color coded by season (maroon = summer and blue = winter) where the shading designates a 
given source environment (red = soil, green = leaf-surface and brown = potential fecal origin). (B) 
Relative abundances of taxa indicative of the three source environments. (Inset) Relative abundances of 
these same indicator taxa in their native habitats: soils, leaf-surfaces and animal feces. 
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The results presented here have a number of important implications for the study of microbial life 
in the atmosphere. First, we demonstrated that comprehensive cross-environment analyses of bacterial 
communities can be useful for source tracking, as we can identify taxa unique to specific environments 
and use that information to determine the relative importance of various microbial habitats as sources of 
bacteria to the atmosphere. Second, our work suggests that the diversity of bacteria in outdoor air is high, 
and that these bacteria sometimes come from unexpected sources, such as dog feces. Third, our work 
suggests that air quality standards should include a microbial component largely based on culture-
independent methods, and that perhaps apparently unrelated public health measures (such as enforcement 
of scoop laws) may also be important for meeting these standards. Finally, this work highlights that the 
spatiotemporal variability of airborne bacteria needs to be assessed in integrative studies that bring 
microbiologists and atmospheric scientists together to understand the dynamics of bacterial cells in the 
near-surface atmosphere.  
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CHAPTER 4. SEASONAL VARIABLITY IN AIRBORNE BACTERIAL COMMUNITIES AT A 
HIGH-ELEVATION SITE IN THE COLORADO ROCKY MOUNTAINS 
 
ABSTRACT 
Although bacteria are ubiquitous in the near-surface atmosphere, the temporal dynamics of airborne 
bacterial communities have not been well-studied. We examined seasonal shifts in bacterial abundances, 
the relative contribution of bacteria to total aerosol loads, and bacterial community structure at a high-
elevation research station in northern Colorado, USA. Aerosol samples were collected from the near-
surface atmosphere over 5-10 days during each of the four calendar seasons. Bacterial abundances varied 
by season with the highest concentrations observed during the fall and spring seasons, consistent with the 
changes in total particle concentrations, with bacterial cells often representing a large fraction (22% on 
average) of the total near-surface aerosol particles > 0.5 µm. Bacterial community composition, 
determined via barcoded pyrosequencing, also varied significantly by season. The dominant taxa in the 
spring, winter, and second half of the fall sampling periods (when the ground was snow covered) were 
bacterial taxa commonly found in other cold environments while the summer and first half of the fall 
samples contained taxa that were likely derived from soil and leaf-surface environments. Bacteria are 
clearly an important component of atmospheric aerosols with the abundance and composition of these 
airborne bacterial communities shaped by seasonal shifts in atmospheric conditions and the conditions of 
the local terrestrial environment.  
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INTRODUCTION 
Airborne microbes are an abundant component of the atmospheric aerosol (Jaenicke, 2005) with 
thousands to millions of cells per cubic meter of air (Lighthart, 2000). Microbes make up a large portion 
of the primary biological aerosol (PBA) component, which includes bacteria, fungi, pollen and viruses 
(Jaenicke, 2005). These PBA particles can have important effects on the health of plants, animals, and 
humans as specific PBA particles are known to act as allergens and/or pathogens (Hirano and Upper, 
2000; Hussman, 1996; Pillai et al., 1996; Schwartz et al., 1995). It has also been suggested that airborne 
microbes may play an important role in the global climate system by absorbing or reflecting incoming 
sunlight (Mohler et al., 2007), acting as cloud condensation nuclei (Bauer et al., 2003; Mohler et al., 
2007) and potentially serving as ice nucleating particles (Constantinidou et al., 1990; Mohler et al., 2007; 
Mohler et al., 2008; Pratt et al., 2009; Schnell and Vali, 1972). Microbial cells residing in the atmosphere 
span the spectrum from non-viable to dormant to actively metabolizing cells with recent studies showing 
that specific microbial isolates may be capable of using the organic acids found in liquid cloud water 
droplets to sustain metabolic activities (Amato et al., 2007; Sattler et al., 2001). Despite their overall 
abundance and suspected importance, we still know surprisingly little about the temporal variability in 
PBA particle concentrations and composition.   
The study of airborne microorganisms dates back to Pasteur’s work in the mid-19th century 
(Ariatti and Comtois, 1993), but the full extent of microbial diversity in the atmosphere remains poorly 
described. This is largely the result of culture-based methods having long been the standard method for 
the identification of airborne bacteria, even though it is now well-established that such methods only 
capture a fraction of the total microbial diversity (Pace, 1997), an issue that is likely magnified when 
examining airborne bacterial communities (Amato et al., 2007). Fairly recently, the implementation of 
DNA-based molecular tools to the study of airborne microbiology has begun to reveal the full extent of 
airborne bacterial diversity and the spatiotemporal variability in these communities (Bowers et al., 2009; 
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Bowers et al., 2010; Brodie et al., 2007; Despres et al., 2007; Despres et al., 2007; Fierer et al., 2008; 
Maron et al., 2005). However, the majority of previous studies documenting temporal shifts in airborne 
microbial communities have either been culture based (Lighthart and Shaffer, 1995; Tong and Lighthart, 
2000), or have been performed over relatively short time periods (Bowers et al., 2010; Brodie et al., 2007; 
Fierer et al., 2008). A recent study used molecular methods to describe seasonal shifts in airborne fungal 
communities (Nowoisky et al., 2009), but a comparable culture-independent study of the variation in 
airborne bacterial diversity across seasons has, to our knowledge, not been performed. 
Here we describe the seasonal variability in the airborne bacterial communities sampled from a 
pristine high-elevation atmospheric research site, Storm Peak Laboratory (3220 m ASL) (Fig. 1), located 
in the western United States. We hypothesized that the high-elevation atmosphere harbors seasonally 
distinct bacterial communities, and that these community shifts can, in part, be explained by the ground 
cover and meteorological changes associated with the seasons. To test these hypotheses, we analyzed 
airborne bacterial communities collected over 5-10 days during each of the four calendar seasons using a 
combination of total aerosol measurements (> 0.5 µm) via an aerodynamic particle sizer, total bacterial 
counts via flow cytometry, and tagged pyrosequencing to determine the airborne bacterial community 
composition. We describe the seasonal shifts in bacterial abundances and community composition in the 
high-elevation atmosphere and the relative contribution of bacterial cells to the total atmospheric aerosol 
load. Finally, we determined how the observed shifts in bacterial community structure relate to seasonal 
shifts in the atmospheric and ground surface conditions at the site. 
 
METHODS 
Site description and particle counts 
Aerosol samples were collected at a single location approximately 4 m above ground level on the 
roof of the Storm Peak Laboratory (SPL). SPL is a mountain-top research facility sitting at the top of Mt. 
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Werner near Steamboat Springs CO, USA (40.45°N, 106.73°W) at 3220 m above sea level (ASL) (Fig. 
1). Details on the sampling site can be found in Borys and Wetzel (1997). During this particular study, the 
surface characteristics at SPL ranged from exposed soil in the summer to a mix of soil and snow cover in 
the fall to all snow cover during the winter and spring sampling periods (Fig. 1) Meteorological 
instruments used in the current study were a research grade thermometer, de-iced wind vane anemometer, 
barometer, and relative humidity sensors (Campbell Scientific, Inc., Met One and Vaisala interfaced to 
data loggers). An aerodynamic particle sizer (TSI-APS model 3320, Shoreview, MN) was used to 
measure total number concentration and size distributions of particles with diameters of 530 nm to more 
than 5 µm. In the APS, the aerodynamic particle size was measured from the time of flight of the particle 
between two (633 nm) He̺Ne lasers.  The APS was attached to an insulated, 15̺cm diameter manifold 
within approximately 1 m of its horizontal entry point through an outside wall. The 4 m high vertical 
section outside the building is capped with a heated inverted can. This aerosol manifold has 
approximately a flow of 500 L min!1 and a 50% cut̺off at a particle size of 5µm (Hallar et al., 2011). 
Total particle concentrations > 0.5 µm are reported as the average number of particles m-3 for each of the 
replicate air samples listed in Table 1. Also, the following meteorological parameters: temperature, wind 
speed, wind direction and relative humidity are reported as averages corresponding to each sampling 
period shown in Table 1. 
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Figure 1. View of Storm Peak Laboratory (Steamboat, CO 3220 M.S.L.) during each of the season 
specific sampling campaigns. 
 
Bioaerosol collection 
Bioaerosol sampling was conducted for at least eight time points per season, with approximately 
half the samples collected during daylight hours and the other half, during the night (Table 1) Each of the 
44 individual sampling events was approximately 8.5 hours long. Aerosol samples were collected onto 
sterile 0.22 µm cellulose nitrate filters (Fisher Scientific, Pittsburgh, PA) via vacuum filtration with an 
average flow rate of 16 liters min-1, corresponding to approximately 8 m3 of air per filter. These long 
sampling periods are required as the atmosphere is generally a low biomass system, requiring relatively 
high air volumes for downstream bacterial analyses. The sample filters used in this study were each 
individually wrapped and contained within a pre-sterilized filter cup. The entire filter cup containing the 
0.22 µm filter was used as the filter apparatus and was transported back to the laboratory immediately 
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after the collection period. Owing to the limited handling of the sample filter itself; this collection method 
drastically reduces the potential for contamination during handling and transport. Triplicate filters were 
collected at each sampling period with one filter archived, one used for total bacterial abundance 
measurements via flow cytometry, and one used for community analysis via barcoded pyrosequencing. 
Blank filters were analyzed alongside sample filters to test for contamination, and following DNA 
extraction and amplification, blank filters were consistently found to be free of microbial contaminants.  
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Total bacterial abundance measurements 
Aerosol particles were dislodged from the filters by shaking at 220 rev min-1 in 10 mL of high 
performance liquid-chromatography (HPLC) grade water for 2 h at room temperature inside a sterile petri 
plate. A subset of the filters was examined under a microscope after this shaking process to assure that 
most visible particles were removed from the filter. Cells were stained with 4’-6’-diamidino-2-phenyl-
indole (DAPI) at a final working concentration of 2 µg mL-1 DAPI in HPLC-grade water and each sample 
tube was spiked with 25 µL fluorescent beads (10 µm diameter, stock concentration 1000 µL-1, Flow 
Count Fluorospheres, Beckman-Coulter, Fullerton, CA). Bacteria were counted using the Side Scatter 
(log) vs. Violet (log) (450 nm) scatter plot and beads were counted using the Forward Scatter (log) vs. 
FITC (log) (530 nm) scatter plot. Both plots can clearly distinguish DAPI labeled cells from fluorescent 
beads as the multi-fluorophore containing beads had an approximately ten-fold increase in fluorescence in 
the violet channel, an increase in both forward and side scatter as the 10 µm beads were significantly 
larger than the majority of the aerosolized bacteria, and finally bead fluorescence at higher wavelengths 
such as in the FITC channel (530 nm) where the DAPI stained cells will not fluoresce. Considering that 
environmental aerosol samples contain a heterogeneous mixture of non-biological and biological aerosol 
particles, the background fluorescence was set at 5 fluorescence units in the violet channel (where DAPI 
fluoresces) and this was kept consistent across all samples.  Particles with fluorescence above this 
threshold and below the bead fluorescence (< 10 µm) were counted and considered to be intact cells. The 
total number of cells m-3 of air was calculated by considering the bead count efficiency (ratio of beads 
counted to the number of beads added), the dilution factor, and the volume of air that passed through each 
filter. HPLC-grade water blanks stained with DAPI were used as negative controls to assess reagent 
contamination, and field filter blanks were analyzed to assess potential human contamination during 
sampling procedures. Scatter plots were generated in Summit V4.3 software (Dako, Carpinteria CA) with 
count data exported to a spreadsheet for further statistical analyses.  
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DNA extraction and PCR amplification  
Bacterial DNA was extracted directly from filters using the PowerSoil DNA isolation kit (MoBio 
Laboratories, Carlsbad, CA). Individual filters were aseptically cut into small pieces, loaded into the bead 
tube of the DNA extraction kit and heated to 65°C for 10 min followed by 2 min of vortexing.  The 
remaining steps of the DNA extraction were performed according to the manufacturer’s instructions. 
Bacterial community composition was determined using a barcoded pyrosequencing procedure, which 
facilitates multiplexed sequencing of partial 16S rRNA genes. The protocol used here is identical to that 
described previously (Bowers et al., 2009; Bowers et al., 2010; Fierer et al., 2008), including both the 
PCR conditions and primer sequences. Negative controls (both no-template and template from blank 
filters) were included in all steps of the process from DNA extraction to PCR amplification to check for 
contamination. PCR amplicons from each sample were pooled at approximately equal amounts into a 
single tube and sent to the University of South Carolina Environmental Genomics Core Facility for 
sequencing on a 454 Life Sciences Genome Sequence FLX (Roche, Florence, SC). Using this protocol we 
obtained full-length amplicon reads that averaged 330 bp in length. Previous work has shown that reads 
of this length over the targeted 16S rRNA gene region provide sufficient information for accurate 
phylogenetic and taxonomic characterization of sequences (Liu et al., 2008).  
 
Sequence Analysis 
Sequences were analyzed and processed using the QIIME package (Caporaso et al., 2010). 
Briefly, QIIME processes all sequences from a single pyrosequencing run and assigns reads to their 
respective samples by identifying the barcode on each sample. Sequences were removed from the analysis 
if they were < 200 bp in length, had a quality score of < 25, contained ambiguous characters, an 
uncorrectable barcode, or did not contain the primer sequence. The remaining sequences were clustered 
into phylotypes using UCLUST v1.2.21q (Edgar, 2010) with a minimum coverage of 99% and a 
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minimum identity of 97%. Representative sequences for each phylotype were aligned using PyNAST 
(Caporaso et al., 2010) against the Greengenes coreset (DeSantis et al., 2006). Taxonomy assignments 
were made using the RDP classifier (Wang et al., 2007). A phylogenetic tree containing the aligned 
sequences was then produced using FastTree (Price et al., 2009). To determine the phylogenetic similarity 
between sample types, the weighted UniFrac metric was used (Lozupone et al., 2007). The UniFrac 
algorithm provides an estimate of the overall phylogenetic similarity between each pair of communities 
and therefore avoids some of the problems associated with taxon-based community analyses (Lozupone et 
al., 2007). The network plot in Fig. 4B was made using a script in QIIME (Caporaso et al., 2010) where 
each node in the network represents either a sample or a bacterial phylotype and the connections between 
sample and phylotype nodes are drawn as edges with edge weights defined as the number of sequences 
making up a unique phylotype; more sequences per phylotype are given a larger edge weight. The 
network was visualized in Cytoscape 2.8.0 using the Edge Weighted Spring Embedded Cytoscape layout 
(Shannon et al., 2003).  Input data for the network plot was the same rarified phylotype table used in the 
beta-diversity estimates (UniFrac) and the G-test for independence was used to determine if sample nodes 
were more connected to other sample nodes of the same season than expected by chance.  
 
Statistical analyses   
The variation in bacterial and total aerosol abundances (> 0.5 µm) over the four seasons was 
assessed using an ANOVA test, followed by post-hoc tests using a Bonferroni adjusted P –value for each 
pair-wise comparison. The relationship between the total bacterial concentrations and total particle 
concentrations was assessed with a Pearson correlation. Relationships between microbial community 
similarity (determined using UniFrac), bacterial abundance and meteorological parameters were 
investigated using Mantel tests as implemented in the PRIMER V6 software package (Clarke and 
Warwick, 2001). The analysis of similarities (ANOSIM) function in PRIMER was used to test for 
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differences in communities among the four seasons. To identify bacterial taxa indicative of each season 
we used the SIMPER (similarity percentage) function in PRIMER V6, which determines the contribution 
of each taxonomic category to the average Bray–Curtis dissimilarity between pairs of grouped samples 
(for example, replicates of a given season). ANOVAs with the appropriate post-hoc tests (Bonferroni used 
here) were also conducted to determine whether season had a significant impact on the relative 
abundances of specific bacterial groups. 
 
RESULTS 
Seasonal shifts in total particle and microbial abundances 
Total particle concentrations (> 0.5 µm) and total bacterial concentrations varied significantly by 
season (ANOVA, P < 0.001, F = 33.6 and F = 25.3, respectively). The total particle concentrations ranged 
from 104 to 106 particles m-3 with the highest particle concentrations observed during the spring and fall 
seasons with the lowest concentrations during the winter (Fig. 2). Total bacterial concentrations across all 
seasons ranged from 103 to 105 cells m-3 with the spring and fall seasons again having the highest 
bacterial concentrations. In contrast to the total particle concentrations, the summer and winter seasons 
both had lower bacterial concentrations than the spring and fall collection periods (Fig. 2). Bacterial 
concentrations did not correlate with any of the measured meteorological parameters either within or 
between seasons (r < 0.3, P > 0.1 in all cases). However, across all samples, there was a significant 
correlation between bacterial abundances and total particle abundances (r = 0.75, P < 0.001). The relative 
contribution of bacterial cells to total aerosol particle concentrations averaged 22% +/- 17% (mean +/- 1 
standard deviation). 
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Figure 2. Total aerosol particle counts > 0.5 µm (hatched bars) and total bacterial abundances (black 
bars) determined via flow cytometric analysis for each sample collected during each of the four seasons. 
The dates listed on the x-axis correspond to the dates and samples  listed in Table 1. The samples with 
two dates correspond to samples collected overnight. 
 
Bacterial community shifts across seasons 
Approximately 48,000 partial 16S rRNA gene sequences were generated from the 454 
pyosequencing run with an average of 1,012 sequences per sample. To compare diversity levels and 
community profiles between samples controlling for differences in sequencing depth, samples were 
compared at the same sequencing depth (500 randomly selected sequences per sample). At this depth of 
coverage, there was no significant effect of season on bacterial richness levels (ANOVA P = 0.1 F = 2.3, 
Fig. 3). However, the composition of the airborne bacterial communities was significantly influenced by 
season (ANOSIM Global R = 0.541, P < 0.001, Fig. 4). The samples collected during the summer season 
clearly harbored bacterial communities distinct from those found in samples collected during the other 
seasons (Fig. 4A). The network analysis in Fig. 4B highlights that bacterial communities from the same 
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season were more similar to each other than to communities of a different season with some overlap 
between fall and summer samples. The network-based analysis complements the UniFrac based 
phylogenetic analysis in Fig. 4A, as the network was used to map the airborne bacterial community 
composition to specific seasons. Sample nodes of the same season were significantly more connected to 
each other than to samples derived from a different season (G = 26.1, P < 0.0001, Fig. 4B), further 
evidence that the high-elevation air samples collected during different seasons harbored distinct bacterial 
assemblages.  
 
Figure 3. Rarefaction curves describing the bacterial diversity observed in the near-surface atmosphere of 
each season. Phylotypes were binned at the 97% sequence similarity level and error bars represent + 1 
s.e.m. 
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Figure 4. Clustering of bacterial communities by season. (A) PCoA of the pairwise weighted UniFrac 
distance matrix displaying phylogenetic clustering by season with points indicating individual samples 
color coded by season: blue = winter (N = 19), green = spring (N = 9), orange = fall (N = 8), and red = 
summer (N = 8) (B) Network analysis of the airborne bacterial communities by season. Sample nodes are 
denoted by a larger circle colored by season and nodes specific to individual phylotypes are shown as the 
smaller black dots spread throughout the plot. Edges are also color coded by season (as in 4A) and the 
opacity of each edge corresponds to the number of sequences making up a unique phylotype, the darker 
the edge, the more sequences contained within that phylotype.  
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Of the measured meteorological variables (Table 1), only temperature was a significant predictor of 
bacterial community composition across seasons as there was a significant, but weak, correlation between 
air temperature and the weighted pairwise UniFrac distances (R = 0.26, P = 0.002) (Fig. 4A). Within 
individual seasons, only the samples collected during the fall and spring seasons exhibited significant 
correlations between atmospheric temperature and intra-season variability in UniFrac distances (R = 0.35, 
P = 0.02 and R = 0.34, P = 0.05 for the fall and spring, respectively) (Table 2). 
Table 2. Results of Mantel tests performed on the two separate distance matrices, the pairwise UniFrac 
community distance matrix and a distance matrix for each of the three meteorological factors. 
     Temperature °C         Wind Speed  Relative Humidity % 
  Rho P-val Rho P-val Rho P-val 
Overall 0.26 0.002 0.17 0.06 0.03 > 0.05 
Spring 0.34 0.05 -0.215 > 0.05 0.17 > 0.05 
Summer -0.24 > 0.05 -0.17 > 0.05 0.17 > 0.05 
Fall 0.35 0.02 -0.08 > 0.05 0.17 > 0.05 
Winter 0.06 > 0.05 0.29 0.05 -0.01 > 0.05 
 
Those specific bacterial taxa that were most responsible for the seasonal shifts in community 
composition are indicated in Fig. 5. Most notably, the Bacillales (Firmicutes) were enriched in the fall 
samples (ANOVA P < 0.001, F = 58.0) exhibiting an approximately 5-fold increase over the other three 
seasons. The Moraxellaceae (Gammaproteobacteria) (ANOVA P < 0.001, F = 26.5), Flavobacteriaceae 
(Bacteroidetes) (ANOVA P < 0.0001, F = 11.4) and Xanthomonadaceae (Gammaproteobacteria) 
(ANOVA P < 0.001, F = 9.1) were significantly more abundant in the spring and winter samples. Finally, 
the summer samples were distinct from the other three seasons as the Sphingomonadaceae 
(Alphaproteobacteria) (ANOVA P = 0.01, F = 4.0) and Pseudomonadaceae (Gammaproteobacteria) 
(ANOVA P < 0.001, F = 29.1) were represented in higher relative abundances (Table 3 and Fig. 5).  
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Figure 5. Bacterial abundances of the bacterial taxa (at the order or family levels) driving the community 
level differences across each of the four seasons. Asterisks refer to significance levels: * P < 0.05, ** P < 
0.005, *** P <0.0005, where each P-value was adjusted for multiple pairwise comparisons using a 
Bonferroni adjusted P-value. The listed taxa are members of the Actinobacteria, Bacteroidetes, Fimicutes, 
and Proteobacteria phyla. Proteobacterial groups are designated by the symbols !, " and #. 
  
! 
97 
!
Table 3. Relative abundances of taxa across seasons. Phylum level classifications are highlighted in bold 
and the remaining taxa are classified to the Order or Family taxonomic levels. 
Group Spring 2008 Summer 2009 Fall 2009 Winter 2010 
Acidobacteria 2.28 1.52 1.81 1.90 
     
Actinobacteria 8.90 13.01 16.01 11.81 
  Actinomycetales 8.29 11.97 14.19 10.90 
  Rubrobacterales 0.57 1.01 1.68 0.72 
     
Bacteroidetes 9.73 6.64 7.74 12.67 
  Bacteroidaceae 0.02 0.13 0.08 1.37 
  Flavobacteriaceae 5.42 0.39 3.26 3.72 
  Flexibacteraceae 1.95 1.86 1.41 1.44 
  Sphingobacteriaceae 1.36 1.97 1.18 0.92 
  Bacteroidetes Other 0.98 2.28 1.81 5.21 
     
Firmicutes 6.08 4.94 19.61 8.36 
  Bacillales 4.42 2.22 14.63 1.76 
  Clostridiaceae 0.78 1.95 2.52 3.39 
  Firmicutes Other 0.88 0.78 2.46 3.21 
     
Alphaprooteobacteria 14.41 14.43 12.15 8.09 
  Rhizobiales  5.50 3.50 2.49 2.14 
  Acetobacteraceae 2.27 2.57 2.18 0.62 
  Rhodospirillaceae 0.02 0.12 0.28 0.19 
  Sphingomonadaceae 4.17 6.06 5.35 3.09 
  Alphaproteobateria Other 2.45 2.19 1.85 2.04 
     
Betaproteobacteria 29.00 26.81 20.66 29.48 
  Comamonadaceae 18.94 15.98 14.16 15.14 
  Incertae sedis 5 3.63 2.78 2.99 6.64 
  Oxalobacteraceae 0.98 1.77 0.83 1.80 
  Burkholderiales Other 3.35 0.98 0.85 1.75 
  Hydrogenophilaceae 0.83 4.89 1.12 2.21 
  Betaproteobacteria Other 1.28 0.41 0.71 1.95 
     
Gammaproteobacteria 21.01 19.07 11.28 22.08 
  Moraxellaceae 13.73 1.90 4.03 8.55 
  Pseudomonadaceae 3.41 15.39 3.28 3.33 
  Gammaproteobacteria Other 3.86 1.79 3.96 10.20 
     
Other 8.60 13.58 10.76 5.62 
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DISCUSSION 
 
The relative contribution of bacteria to total atmospheric aerosols 
Airborne bacterial concentrations varied significantly across the four calendar seasons. Although 
previous studies have found various meteorological factors (e.g. wind speed, atmospheric turbulence, 
temperature) to exert a dominant influence on bacterial concentrations in the atmosphere (Burrows et al., 
2009a; Jones and Harrison, 2004), we did not find strong correlations between the airborne bacterial 
concentrations and the basic meteorological indices measured in our current study, Also in contrast to our 
findings, Tong et al. (2000) found airborne bacterial concentrations to be positively correlated with 
temperature and negatively correlated with relative humidity across all four seasons in western Oregon, 
U.S.A. Likewise, Tong et al. observed the highest bacterial concentrations during the spring and summer, 
while we found the atmosphere to have the highest bacterial loads during the spring and fall. Although 
there is clearly a paucity of published studies documenting changes in airborne bacterial concentrations 
across multiple seasons, the discrepancies between the Tong et al. study and our current study suggests 
that the controls on bacterial concentrations in the atmosphere are likely variable across sites and climatic 
zones, especially given the highly variable conditions between the two sites. 
 The seasonal shifts in bacterial concentrations largely mirrored the seasonal changes observed in 
the total near surface particle concentrations (> 0.5 µm) (Fig. 2) with bacteria accounting for an average 
of 22% of the aerosol concentrations. The fraction of the total aerosol load that can be classified as PBA 
particles (which includes bacteria) has been the subject of much recent attention in the aerosol sciences as 
an understudied component of the total atmospheric aerosol (Burrows et al., 2009a; Burrows et al., 
2009b; Wiedinmyer et al., 2009; Womack et al., 2010), yet few studies have sampled for both PBA and 
the total aerosol loads in parallel. Work by Jaenicke (2005) and Matthias-Maser (2000) are two of the first 
studies to determine the biological fraction of the atmospheric aerosol. Their estimates for the PBA 
fraction of the total aerosol loads (particles > 0.5 µm) ranges from 1 to approximately 20%, which is 
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similar to the bacterial to total aerosol ratios measured in our current study (Fig. 2). More recently, 
aerosol tracers, specifically arabitol, mannitol, and cellulose, were used to demonstrate that fungal spores 
and plant debris accounted for approximately 20-32% of total organic carbon aerosols (<10 µm) within 
four Nordic rural background (Yttri et al., 2011), again a similar fraction to our current study. While the 
direct comparison of total particle to total cell concentrations is tentative, as two different techniques were 
used, our work and the previously published literature provides at least a baseline estimate for the PBA 
particle contribution to the total atmospheric aerosol populations. However, to better constrain the 
estimates of PBA to total aerosol loads, more direct side-by-side measurements of biological and non-
biological aerosol concentrations across a range of sites are needed. The recent development and 
deployment of real-time fluorescence based biological particle counting instruments such as the UV-APS 
(UltraViolet – Aerodynamic Particle Sizer) (Huffman et al., 2009) and WIBS (Wide Issue Bioaerosol 
Sensor) (Gabey et al., 2010) may help provide more comprehensive estimates of bacterial contributions to 
total aerosol loads. 
 
Seasonal bacterial diversity and community composition 
Consistent with previous studies (Bowers et al., 2009; Brodie et al., 2007), bacterial diversity was 
high in the near surface atmosphere at this sampling location, however diversity levels were not 
particularly variable across seasons (Fig. 3). In contrast, the composition of the airborne communities (i.e. 
the types of bacteria found in the air samples) did exhibit significant seasonal shifts (Fig. 4). While no 
comparable seasonal surveys currently exist in the literature, the bacterial groups identified in the air 
above SPL are similar to those groups detected in other air studies including high relative abundances of 
Actinobacteria, Bacteroidetes, Firmicutes and Proteobacteria (Amato et al., 2005; Bowers et al., 2010; 
Brodie et al., 2007; Pearce et al., 2010).  
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The airborne bacteria sampled at this site are likely derived from a variety of source environments 
including soils, leaf surfaces and snow. Since these environments harbor unique bacterial taxa, we can 
make some qualitative inferences about the relative importances of these environments as sources of 
bacteria to the atmosphere across seasons. In other words, some of the bacterial groups that exhibited 
pronounced changes in relative abundance across seasons (Fig. 5) (i.e. those groups driving the shifts 
observed at the community level, Fig. 4) can be linked to specific source environments. For example, the 
increased abundance of the Pseudomonadaceae, Sphingobacteriaceae and Sphingomonadaceae in the 
summer samples coincides with bacterial groups that are commonly found in the leaf-surface environment 
(Jurkevitch and Shapira, 2000; Lindow and Brandl, 2003; Morris et al., 2008; Murakami et al., 2010; 
Redford et al., 2010; Yashiro et al., 2011), suggesting the importance of leaf-surfaces as a bacterial 
source environment during the summer months when leaf biomass is highest in this high-alpine 
environment. The fall samples showed a relative increase in Bacillales (Fig. 5), a group which can be 
considered an indicator of soil-derived bacteria (Bowers et al., 2010), suggesting an increase in the 
relative importance of soils as a source of bacteria to the atmosphere as leaf inputs decrease following leaf 
senescence. Consistent with these findings, high concentrations of Bacilli have been observed in airborne 
environments with high dust inputs (Bowers et al., 2010; Brodie et al., 2007). The spring, winter and, to a 
lesser extent, the fall samples harbored high numbers of the Xanthomonadaceae, Flavobacteriaceae, and 
Moraxellaceae families, each of which contains a number of psychrotolerant species. The Moraxellaceae 
composed a major fraction of the total community during the cold, snowy times of year (Fig. 5), with the 
majority of Moraxellaceae taxa classified as belonging to the Psychrobacter genus. Members of this 
genus have frequently been observed in low temperature, snow covered environments such as: Antarctic 
soils (Bowman et al., 1996), Antarctic sea ice (Bowman et al., 1997; Bozal et al., 2003), Siberian 
permafrost (Ponder et al., 2005), glacial ice near Mt. Everest (Yongqin et al., 2006) and in snow from the 
Pyrenees mountains, Spain (Hervas and Casamayor, 2009) and the Ny-Alesund research site in Sptizberg, 
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Norway (Amato et al., 2007). Furthermore, culturable psychrotolerant bacteria derived from liquid cloud 
water droplets have been shown to be more abundant during the coldest times of year at a mountain top 
site in France (Amato et al., 2007), a high-elevation site with similar geographic and atmospheric 
characteristics to Storm Peak Laboratory. Together, these results suggest that the seasonal variability in 
airborne bacterial communities at this high-elevation site is likely related to shifts in the relative 
importance of snow, leaf surfaces, and soil as sources of bacteria to the atmosphere. 
  As there were limited correlations between meteorological variables and community composition, 
local surface conditions appeared to have the more important effect on airborne bacterial communities. 
However, because we can only qualitatively determine the relationship between the airborne communities 
and the bacterial communities of potential source environments, we do not know if the airborne bacteria 
originated from local or more distant sources. Nevertheless, Storm Peak Laboratory sits at 3200 m ASL 
with access to the free atmosphere during the nighttime hours (Borys and Wetzel, 1997; De Wekker et al., 
2009), and has recently been shown to collect air masses that have originated from locations thousands of 
km away (Obrist et al., 2008). While the goal of our current study was not to determine bacterial transport 
patterns through the atmosphere, our current study does suggest that the airborne bacterial communities at 
SPL were mostly of local origin, as the communities were seasonally distinct with compositional shifts 
that tracked with changes in nearby terrestrial surface conditions. Future research could potentially take 
advantage of higher-resolution meteorological data and specific chemical markers to directly link 
atmospheric bacteria to transport in specific air parcels. 
 
CONCLUSIONS 
 The bacterial communities of the near surface atmosphere at Storm Peak Laboratory exhibited 
variable concentrations and shifting community composition across seasons. Bacterial concentrations 
were highest during the fall and spring sampling periods and represented a significant fraction of the total 
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atmospheric aerosol > 0.5 µm. The variability in bacterial community structure could not be predicted by 
meteorological conditions other than air temperature, suggesting that local terrestrial source environments 
play a greater role in structuring the airborne communities than short duration shifts in atmospheric 
conditions. In our current study, the summer samples contained taxa common to soils and to leaf surfaces, 
while the spring, winter, and to a lesser extent, the fall samples contained taxa common to frozen 
environments. As one of the few comprehensive cross-seasonal studies of bacteria in the near-surface 
atmosphere conducted to date, this study highlights the need for comparable seasonal studies to determine 
if the patterns observed here are common in other locations, and to build a more predictive understanding 
of the temporal variability in airborne bacterial concentrations and community composition. 
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SUMMARY AND FUTURE DIRECTIONS 
 
In this dissertation, I present four studies documenting the spatiotemporal variability in airborne 
microbial communities with regard to their total abundances, ice nucleation potential, community 
structure and their putative sources. First, I performed a study describing the short-term variability in 
airborne microbial communities (both bacterial and fungal) at a high-elevation research site in the 
northern Colorado Rocky Mountains. Total microbial abundances, community composition, and the 
biological ice nucleating potential were examined from a set of nine air samples and two freshly fallen 
snow samples covering approximately two weeks during the early spring, 2008. Total airborne microbial 
abundances were relatively stable during this short sampling period, ranging from 105 to 106 cells m-3 of 
air. Airborne community composition was also very stable over the two week sampling period, where 
both bacterial to fungal ratios, and bacterial community composition demonstrated little variability and 
did not correlate with any of the measured meteorological data, however, the total number of biological 
ice nuclei (IN) did exhibit significant increases in cloudy air samples over samples collected from cloud 
free air. The dominant bacterial taxa, as determined by bacterial pyrosequencing, classified to members of 
the proteobacteria, specifically the Burkholderiales (!-proteobacteria) and the Moraxellaceae ("-
proteobacteria). Considering there was an increase in total IN concentrations in cloudy skies, but no 
recognizable change in community composition between cloudy and clear air sample types, the bacteria 
responsible for the increase in total IN concentrations may be either rare members of the community or 
possess variable ice nucleating characteristics. In support of this hypothesis, specific bacterial taxa such as 
P. syringae and E. herbicola have been shown to increase or decrease their ice nucleating activity in 
response to changing environmental factors such as nutrient starvation and temperature reduction (Fall et 
al., 1998; Nemecek-Marshall et al., 1993), however fungi and pollen may also be responsible for this 
increase in IN concentrations as they too have been shown to possess ice nucleating characteristics 
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(Pouleur et al., 1992; Kieft et al., 1989). This study was the first to use high-throughput sequencing to 
describe the diversity and community composition of airborne bacteria. The stability in bacterial 
community composition observed with the pyrosequencing approach tracked well with the traditional 
Sanger sequence data. Therefore community-based high-throughput sequencing can give a more robust 
picture of microbial diversity and community composition, where shifts in community structure may 
relate functionally or otherwise to corresponding shifts in the physical environment, such as an increase in 
microbial IN potentially leading to an increase in cloud formation. This study has been published in 
Applied and Environmental Microbiology, August 2009. 
 
The next study that I performed focused on how airborne bacterial communities varied spatially, 
specifically across the three dominant land-use types of the Colorado Front Range: agricultural, 
urban/suburban sites and forests. For this project I determined how the bacterial abundances, bacterial 
community composition and biological ice nuclei concentrations varied across the northern half of the 
Colorado Front Range. Bacterial concentrations ranged from 105 to 106 per m3, and were not influenced 
by land-use type. However the total number of biological ice nuclei were significantly higher in the 
agricultural air samples over the other two land-use types. The observed shifts in total IN could not be 
explained by local meteorology, suggesting that local sources likely harbor varying types and quantities 
of IN active bacteria residing in the soils, leaves and other surface habitats. Land-use type was also a 
significant predictor of bacterial community composition. These differences could not be attributed to 
meteorology, suggesting that the local terrestrial surfaces have a larger effect on the airborne bacterial 
communities than the prevailing atmospheric conditions. To further investigate the potential influence 
that local surfaces might have on airborne bacterial community composition, a ‘source tracking’ analysis 
was performed using large pyrosequence datasets of bacterial communities derived from soils spanning a 
broad range of pH values (4 – 8) and leaf surfaces spanning over 60 different tree species. Source derived 
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indicator taxa (those bacterial taxa indicative of either soils or leaves but not both) were identified from 
the soil and leaf datasets, and used to determine the relative bacterial inputs from soils and leaf surfaces to 
the near-surface atmosphere. With this approach, the forest and agricultural air had a higher soil signature, 
while the suburban air was slightly more represented by leaf-surfaces than soils. However, the overall 
airborne bacterial communities were unique with respect to soil and leaf habitats, which suggests that the 
air communities are a mixture of the two sources and/or that certain bacterial taxa cannot survive or 
remain intact in the atmosphere. Additional molecular surveys of air samples, as well as surveys of other 
potential source environments, are needed to determine the accuracy and generality of this approach. This 
study is published in The ISME Journal, November 2010. To expand on this work, I am contributing to a 
large aerosol study, where I will analyze the spatial and temporal patterns of airborne microbial 
communities at the urban and rural communities of Denver and Greeley CO. This is a highly 
interdisciplinary project that will increase our understanding of the coarse aerosol composition, the 
microbial contribution to the coarse atmospheric aerosol, and how the variability in aerosol composition 
affects pubic health. 
 
The third chapter of this thesis documents the spatiotemporal distributions of airborne bacteria at 
four locations in the Great Lakes region of the Midwestern United States during the winter and summer 
seasons. In total, 96 samples were analyzed for bacterial abundances and community composition. I found 
the airborne communities of the Great Lakes region to be highly diverse and significantly affected by 
season. The total number of bacteria were significantly reduced during the winter season, suggesting the 
reduced aerosolization of bacteria from typical sources such as soils, leaves and water bodies, as most 
plants lose their leaves in winter, soils are either near frozen or snow covered, and water bodies may be 
frozen. The summertime communities were composed of bacterial taxa that have been previously shown 
to be common inhabitants of the atmosphere including Pseudomonadales, Burkholderiales, Rhzobiales 
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and Sphingomonadales, while the wintertime communities were composed of taxa that have been rarely 
observed in atmospheric samples such as the Bacteroidales, Clostriadiales, and Fusobacteria. Since 
wintertime communities were composed of taxa that are commonly observed in mammalian gut samples, 
I performed a more detailed source tracking analysis, which included the following sources: soils, leaf-
surfaces, and mammalian gut communities derived from human, dog and cow fecal samples. Using this 
cross-community source tracking analysis, the summertime communities exhibited a typical soil and leaf-
surface signature, while the wintertime communities were highly similar to the communities of animal 
feces. Furthermore, the wintertime communities of Detroit and Cleveland, and to a lesser extent, Chicago 
resembled dog fecal communities, which was driven by the presence of Fusobacteria as this taxonomic 
group is commonly observed in the guts of dogs, but nearly absent in the guts of humans and cows. This 
study demonstrated that cross-environment analyses of bacterial communities can be a useful tool for 
tracking bacteria back to their original sources, as the airborne communities can come from both typical 
sources like soils and leaves, and sometimes from more unexpected sources such as from dog feces. This 
work also suggests that air quality standards should include a microbial component, as airborne bacteria 
are an important, yet understudied component of the atmospheric aerosol with potential influences on 
human health and the health of managed and natural ecosystems. This study is published in Applied and 
Environmental Microbiology, September 2011. 
 
 For my fourth dissertation chapter, I examined the temporal dynamics of airborne bacterial 
communities with a study of the seasonal shifts in airborne bacterial abundances, the relative contribution 
of bacteria to total aerosol concentrations, and bacterial community composition at the high-elevation 
research site, Storm Peak lab, located in northern Colorado, USA. Significant seasonal shifts in bacterial 
abundances, total particle concentrations, and bacterial community composition were evident in the high-
elevation near-surface atmosphere. The taxonomic groups driving the seasonal community changes 
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corresponded to the shifts in local surface characteristics that are indicative of seasonal change. For 
example, bacterial taxa common to the leaf surface environment were observed in the summer samples, 
while the winter, spring and to a lesser extent, the fall samples were composed of bacterial taxa common 
to cold and snowy environments. With this study, I found that bacteria often represented a large 
proportion of the total aerosol concentrations greater than 0.5 µm, and that the high elevation airborne 
communities are largely defined by changes in seasonal meteorology and the associated changes in the 
local terrestrial environment. Future studies examining the season specific taxa in greater detail may 
provide insight with regard to bacterial dispersal patterns in the high-elevation atmosphere, and whether 
or not specific taxa can influence atmospheric dynamics. This study is currently in review in the journal 
Atmospheric Environment.  
  
Altogether, these four studies make up a significant contribution to our current understanding of 
airborne microbial ecology. However, several knowledge gaps remain, including the four potential 
research questions outlined below.  
 
1. How do airborne microbial abundances and their relative contribution to total particle abundances 
vary over time and space? Data presented in Chapter 4 suggests that airborne bacteria are a large 
component of the total atmospheric aerosol greater than 0.5 µm, however these data along with the 
few other studies analyzing the microbiological contribution to atmospheric aerosols (Jaenicke, 2005; 
Matthias-Maser et al., 2000) are limited in both their duration and geographic coverage. Instruments 
that can make side-by-side measurements of bio and non-biological particles alongside larger 
sampling campaigns, including longer sampling duration and greater spatial coverage, will help to 
provide a more comprehensive understanding of the microbial contribution to total atmospheric 
aerosol concentrations.  
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2. How do microbial taxa vary as a function of altitude? Culturable bacteria have been detected at 
altitudes reaching into the stratosphere (Griffin, 2004). However, there are currently no 
comprehensive studies examining the variability of whole microbial communities at regular vertical 
intervals starting at surface level and moving up through the troposphere and into the stratosphere. 
The major airborne microbial taxa can be conveniently grouped into the following four categories 
listed from smallest to largest: viruses, bacteria, fungi and pollen. Logically, the smallest bio-
particles, the viruses and bacterial cells, would be expected to have the longest atmospheric residence 
times while the larger fungal spores and pollen grains would be removed from the atmosphere much 
quicker. Though this knowledge gap might be predictable based on a microbe’s size, specific viral, 
bacterial and fungal taxa may be more adept to atmospheric travel, thus spending more time in the 
atmosphere and having a greater probability of landing on suitable habitats for colonization, and 
furthermore, those microbes spending the most time in the atmosphere may be the microbes with the 
highest potential for making a significant contribution to various atmospheric processes.  
 
3. What are the functional characteristics of microbes in the atmosphere? This research question could 
be approached through the characterization of the metagenome, which would provide an indication of 
the functional potential. However, instead of surveying for the potential of microbial activity, an 
examination of the airborne metatranscriptome would tell us whether or not an airborne community is 
actively expressing it’s genetic material, which would therefore reveal the biological processes a 
microbial community is performing while suspended in the atmosphere, and how these processes 
change with the pressures of a dynamic atmosphere.    
 
! 
109 
!
4. Can airborne microbial source tracking help us to better predict disease outbreaks? Pathogenic 
microbes have been hypothesized to travel alongside the soil particles of massive dust storms, 
originating in the African deserts, making their way across the Atlantic, and eventually being 
deposited onto far off locations, such as the islands and coral reefs of the Caribbean (Griffin, 2007). 
However, there are currently no studies available with the intention of tracking pathogenic microbes 
from a distant source, through the atmosphere, on to a host-associated disease outbreak. Following the 
complete paths of airborne pathogens by showing evidence for their presence at various points 
throughout their atmospheric journey is not currently realistic, however using a combination of 
atmospheric transport modeling and quantitative community level source tracking will undoubtedly 
increase our ability to more accurately predict the atmospheric dispersal patterns of pathogenic 
microbes.  
 
To conclude, the work presented in this thesis highlights the need for more integrative studies, 
bringing together two classically disparate scientific disciplines: microbiology and the atmospheric 
sciences in order to gain a more comprehensive understanding of the dynamics of microbial communities 
of the near-surface atmosphere. Finally, as microbes are involved in nearly all biogeochemical cycles on 
Earth, it is critical that we understand the significance of microbial aerosols in the atmosphere.   
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